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ABSTRACT OF THE DISSERTATION 
 
 
Electronic Properties and Oxidation/Reduction Chemistry of a Series of  
Late Transition Metal Complexes 
by 
Jia Luo 
Doctor of Philosophy in Chemistry 
Washington University in St. Louis, 2014 
Professor Liviu M. Mirica, Chair 
 
Organometallic catalysts play an important role in various chemical reactions such as water 
oxidation, organic transformations, and CO2 reduction. In order to explore effective 
catalysts and understand their mechanisms, this dissertation focuses on a series of late 
transition metal complexes and a full study of their electronic properties and catalytic 
reactivity under various redox conditions. The tridentate ligand N-methyl-N,N-bis(2- 
pyridylmethyl)amine (L) has been employed in a dinuclear Co(II)Co(III) complex, 
[LCoII-(μ-carboxylato)-bis(μ-methoxo)-CoIIIL](ClO4)2. Electrochemical, spectroscopic, and 
magnetic susceptibility measurements confirm that it belongs to a localized Class II 
mixed-valence system. Limited water oxidation catalytic ability of this complex and its 
analogues were observed in this study. Separately, a series of Fe(II) complexes with 
different variations of N,N’-dialkyl-2,11-diaza[3.3](2,6)pyridinophane (RN4, R = tBu, Me, 
Ts, H) were synthesized and characterized by spectroscopic and electrochemical 
xiv 
 
measurements. The investigation suggests their limited potentials towards water oxidation 
catalysis upon chemical oxidation, due to the low efficiency and instability under acidic 
conditions. In addition, by employing a tetradentate ligand 2,11-dithia[3.3](2,6)- 
pyridinophane (N2S2), a rare d8-d8 interaction between dicationic palladium(II)/platinum(II) 
centers was observed in the [(N2S2)PdII(MeCN)]2(OTf)4 and [(N2S2)PtII(MeCN)]2(OTf)4 
complexes, respectively. The oxidation studies of the [(N2S2)PdIIMe]2(OTf)2 dinuclear 
complex suggest that the metal-metal bond might promote the methyl group transfer 
between two PdIII-Me fragments to yield isolable [(N2S2)PdIVMe2](OTf)2 complex. CV 
studies of (N2S2)PdIIRX (R = Me, Cl; X = Me, Cl, Br) suggest that the Pd(III) oxidation 
state is accessible at moderate oxidation potentials. In situ EPR, ESI-MS, UV-vis, and 
low-temperature electrochemical studies implicate the formation of Pd(III) species during 
the oxidation of Pd(II) precursors. The reactivity studies reveal the selective eliminations of 
ethane, MeCl, and MeBr upon chemical oxidation of (N2S2)PdIIMeX complexes, 
respectively. Mechanistic studies suggest these reactions involve an initial formation of 
Pd(III) species, followed by methyl group transfer/disproportionation and subsequent 
reductive elimination from Pd(IV) intermediates, although a halogen radical pathway 
cannot be completely excluded during C-halide bond formation. Further, upon the chemical 
reduction of Pd(II) precursors supported by ligands such as N,N’-ditertbutyl-2,11-diaza- 
[3.3](2,6)pyridinophane (tBuN4), N2S2, isocyanide, and phosphine, transient mononuclear 
Pd(I) species were observed by EPR and UV-vis; while the electrochemical reduction of 
[(N2S2)PdII(tBuNC)](OTf)2 yields a robust Pd(I) dimer [(N2S2)PdI(μ-tBuNC)]2(ClO4)2. 
1 
 
 
Chapter 1 
 
Introduction 
 
 
  
2 
 
1.1  Renewable Energy Status Outlook 
In 2011, the tragic Tōhoku earthquake and tsunami in Japan attracted the entire world’s 
attention. The unexpected powerful natural disaster caused numerous deaths and injuries, 
and the nuclear accidents followed at the Fukushima Daiichi Nuclear Power Plant made the 
situation even worse: millions of people’s lives were affected, and the enormous impacts 
are still ongoing. These events have triggered debates on the security of nuclear energy and 
the future orientation of energy policy in many countries. Germany, for example, has 
started to rapidly reform the infrastructure investments on the nation’s energy sector, and 
aims at exiting from nuclear energy use by 2022.1 The United Nations Secretary-General 
Ban Ki-moon has supported the declaration of the year of 2012 as the International Year of 
Sustainable Energy for All, and wished that by 2030, modern energy services could be 
accessed universally, the rate of improvement in energy efficiency could be doubled, as 
well as the share of renewable energy in the global energy mix could be doubled.1 Despite 
the uncertainties on financial markets and future renewable energy policies, renewable 
energy has supplied 19% of global final energy consumption by 2011 (Figure 1.1).2 At least 
118 countries have renewable energy targets in place, and 109 countries have policies to 
support renewables in the power sector.1 Although there is a long way to go, the continued 
growing demand on the global energy consumption requires fast development of the usage 
of renewable energy in a more efficient manner. Therefore, tremendous worldwide 
scientific, industrial, and government efforts are devoted to realize this goal from different 
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aspects of developing new technologies to improve the efficiency of current energy systems, 
and exploring alternative energy sources to replace the traditional ones, etc.  
 
 
Figure 1.1 Estimated renewable energy share of global final energy consumption, 2011.2 
 
Given the dramatic increase of CO2 levels from fossil-fuel consumption, it is necessary to 
develop carbon-neutral energy production on a large scale.3 To reach this goal, solar energy, 
as the energy provided to Earth in one hour is more than the needed energy worldwide in 
an entire year, becomes the most promising and exploitable renewable energy resource.4 
However, the difficulty of storing solar energy has prevented its continuous usage. As 
inspired by Nature’s Oxygen-Evolving Complex (OEC) in Photosystem II (PS II) that can 
harvest sunlight and store the energy in the form of chemical bonds via the oxidation of 
water to oxygen, artificial systems employing photovoltaics and electrochemical water 
splitting process have been proposed.3 Since water splitting process consists of two half 
reactions of water oxidation and hydrogen reduction, both water-oxidation and 
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hydrogen-evolving electrocatalysts are required for an efficient system. So far, efficient 
photovoltaics and promising hydrogen evolution electrocatalysts have been well 
developed,4-6 while the development of catalysts for water-oxidation reaction remains a 
challenge.  
 
On the other hand, conversion of CO2 into liquid fuels could also help reduce the CO2 level 
in the atmosphere, and positively impact the global carbon balance. The activation of CO2 
has involved the development of numerous homogeneous and heterogeneous catalysts to 
electrochemically reduce CO2, but most of the systems to date require large overpotentials 
and thus are not energy efficient.7 Therefore, there is still a necessity to explore other 
possible CO2 reduction catalysts. 
 
In addition, as seen in Figure 1.1, fossil fuels are the No. 1 energy consumption provider, in 
which petroleum takes about 36%.8 As the petroleum reserves gradually diminish, methane 
– the main constituent of natural gas, is found in large quantities on earth and could become 
a significant energy source in the future. However, the difficulty of transporting gas raises 
the cost and limits the widespread usage of methane. One possible solution is to convert 
methane into liquid fuels such as higher alkanes, which requires the development of 
catalysts for efficient and selective C–H bond activation as well as C–C bond formation.  
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1.2 Organometallic Catalysis 
As introduced previously, the improvement of the usage of renewable energy resources 
(e.g., water oxidation and methane oligomerization reactions), as well as optimization of 
potential energy resources (e.g., CO2 reduction), all require the development of efficient 
catalysts. There are various approaches to design such catalysts, and one of them is to 
employ organometallic catalysis. Organometallic catalysis plays a prominent role in 
target-oriented syntheses to afford complex natural products, functional advanced materials, 
pharmaceuticals, and other high value chemicals.9 It usually requires the close proximity of 
the substrate to the metal center, activation of the substrate by the metal fragments through 
coordination, and a facilitated subsequent reaction.10 Therefore, catalytically active systems 
always possess vacant coordination sites or are able to undergo dissociation. Practically, 
both heterogeneous and homogeneous catalysis are employed for renewable energy 
development. For heterogeneous catalysts, a principle advantage is the easiness of recovery, 
though it is difficult to perform mechanistic studies; while for homogeneous catalysts, high 
specificity can be achieved by ligand variation, and mechanism studies are more easily to 
be carried out. In addition, since late transition metals can more readily be coordinatively 
unsaturated, most of the homogeneous catalysis systems employ late transition metals such 
as Ru, Co, Rh, Ir, Ni, Pd, and Pt. As a result, this dissertation focuses on the 
characterization and the mechanistic studies of a series of late transition metal complexes.  
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Scheme 1.1 Reported water-oxidation catalytic systems using a) ruthenium and b) 
manganese complexes and their side-reactions. 
 
In literature, as early as several decades ago, scientists all over the world started to devote 
to catalysts design for water oxidation, C–C bond formation, and CO2 reduction reactions. 
The oxidation of water to oxygen is a proton-coupled electron transfer (PCET) process, 
requiring four electrons and four protons. Even before the structure of Oxygen-Evolving 
Center (OEC) in Photosystem II (PS II) was revealed in 2004,11 different artificial water 
oxidation systems have been proposed (Scheme 1.1).12-15 Recently, more and more novel 
catalysts with series of transition metals of Mn, Fe, Co, Ni, Ru, Ir, etc. were reported.16-20 
These systems involve either similar structures to PS II or completely novel organic ligands 
environment that could provide access to higher oxidation states of the metal centers via 
chemical or electrochemical oxidation. Some of them have already exhibited promising 
catalytic abilities under mild conditions,16 though the transformation of the technologies to 
the industrial scale remains a challenge, due to the high cost of the scarce metals, low 
turnover numbers, and deactivation or degradation of the catalysts during O2 evolution. 
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Thus, it would be appreciated if the current systems could be improved, or a new system 
could be invented.  
 
C–C bond formation is essential in organic chemistry synthesis. It mostly involves 
organometallic catalysts, especially palladium, which is one of the most commonly used 
metals in organometallic catalysis.10, 21 Palladium chemistry has been applied for a wide 
range of synthetically useful organic transformations, such as C–C coupling, C–H 
functionalization, and C–heteroatom bond formation reactions.22, 23 For example, the 2010 
Nobel Prize in Chemistry was awarded for palladium-catalyzed cross-coupling reactions.24 
The broad applications of Pd-catalyzed reactions have made them a key component of 
several industrial pharmaceutical manufacturing processes (Scheme 1.2).25, 26 Though Pd 
can exist in five oxidation states (0, +1, +2, +3, +4),27 the vast majority of these catalytic 
processes involve Pd(0)/Pd(II) oxidation states, which have been investigated extensively 
in the past several decades.28-31 Since the first reported Pd(IV) complex to date,32-41 it was 
shown that Pd(IV) complexes are involved in a variety of Pd-catalyzed ligand directed C–H 
oxidative functionalization reactions as well.9, 42-59 By contrast, Pd complexes in +1 or +3 
oxidation states are less common. Though dinuclear Pd(III) complexes have been proposed 
as active catalytic intermediates in the oxidative functionalization of C–H bonds since 
2009,60-64 no mononuclear Pd(III) complexes have been isolated prior to our group’s work 
reported in 2010.65 The employment of pyridinophane based ligands provided us an 
opportunity to investigate the electronic and steric properties of Pd(III) complexes, which 
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provided insight into the development of novel catalysts for various organometallic 
transformations as well as other multi-electron redox reactions. In addition, a few transient 
Pd(I) species have been proposed previously,66-70 but no mononuclear Pd(I) complexes 
have been isolated to date. The attempt to isolate Pd(I) complexes may help further 
understand the catalytic mechanism of a possible Pd(III)/Pd(I) catalytic cycle. Further, as 
suggested in the literature,71 the potential of Pd(I) complexes in CO2 reduction also triggers 
our interest to pursue the study of the electronic properties and reactivity of Pd(I) 
complexes.  
 
Scheme 1.2 Applications of Pd-catalyzed reactions in pharmaceutical manufactures. a) 
Final product is an important pharmacophore in potent, non-peptidic NK1 receptor 
antagonists.25 b) Final product is a drug candidate for treatment of depression and anxiety.26 
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1.3 Introduction to Characterization Methods 
For the purpose of characterizing the physical and chemical properties of the synthesized 
organometallic complexes, species, or intermediates, several common methods have been 
employed, including 1H Nuclear Magnetic Resonance (NMR) Spectroscopy, UV-vis 
Spectroscopy, X-ray crystallography, and Electron Spray Ionization (ESI) Mass 
Spectrometry, etc. Due to the limited space in this dissertation, the principles of the most 
common characterization methods mentioned above are not introduced here. Since the 
results from Cyclic Voltammetry (CV) and Electron Paramagnetic Resonance (EPR) 
Spectroscopy studies are extensively discussed in this dissertation, the principles of these 
two characterization techniques are briefly introduced below. 
  
1.3.1  Cyclic Voltammetry (CV) 
Cyclic Voltammetry (CV) is one of the commonly used electroanalytical techniques for the 
study of the electrochemical properties of electroactive species.72 In spite of the wide usage, 
this technique is often poorly understood, thus, the interpretation of the resulted cyclic 
voltammograms is not well performed by the researchers. In 1983, Kissinger and 
Heineman provided a clear description of CV and its capabilities, which is a good reference 
for anyone who is completely new to CV.73 Instead of restating the content in that paper, 
herein we only present several key concepts of CV that will help readers to understand the 
main features of the cyclic voltammograms shown in the next few chapters.  
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Experimental Apparatus. A typical experimental CV measuring system consists of a 
working electrode, an auxiliary electrode, and a reference electrode in a CV cell. The 
commonly used working electrodes are made of platinum or glassy carbon, with the 
electrode surface diameter of 3 mm, 1.6 mm, or 1.0 mm. The auxiliary electrode is usually 
a platinum wire, while the reference electrode could be a saturated calomel electrode (SCE), 
a silver/silver chloride electrode (Ag/AgCl), or a silver/silver nitrate electrode (Ag/0.1M 
AgNO3 in MeCN, non-aqueous electrode). The measured potentials are all obtained vs the 
reference electrode. Since researchers may use different reference electrodes, in order to 
make a direct comparison of the potentials from different groups, for a CV measured in an 
organic solvent (e.g., acetonitrile), people usually convert their reported values to be versus 
the ferrocenium/ferrocene (Fc+/Fc) electroactive couple. Therefore, most of the potentials 
reported in this dissertation are corrected to be vs the Fc+/Fc couple, unless specified. 
 
Cyclic Voltammogram. A cyclic voltammogram displays the current change at the 
working electrode during the potential scan. Thus, a typical voltammogram has current as 
vertical axis, and potential as horizontal axis. There are two types of presenting a cyclic 
voltammogram: one in which the potential horizontal axis increases from left to right, 
which is called an IUPAC diagram; while the other representation shows the potential 
decreasing from left to right and is called polarographic diagram. All the voltammograms 
in this dissertation are plotted using polarographic style. Therefore, the peaks appearing at 
the bottom are anodic or oxidation peaks, and the ones at the top are cathodic or reduction 
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peaks. Correspondingly, the peak potential and current of a specified peak is called 
anodic/oxidation potential (Epa) and current (ipa), or cathodic/reduction potential (Epc) and 
current (ipc) (Figure 1.2). The separation of Epa and Epc is designated as ΔE, which is an 
important parameter to determine if a redox process is reversible or not. For example, for a 
reversible one electron redox process, ΔE is usually less than or around 87 mV (ideally at 
25 ºC, it should be 59 mV), with the ratio of ipa/ipc close to 1; if the separation is larger than 
200 mV, it is defined as irreversible; others that fall in between are considered as 
quasi-reversible. For a reversible redox couple, we only report the average value of Epa and 
Epc as E1/2, along with ΔE.  
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Figure 1.2 Example of a reversible cyclic voltammogram. 
 
Scan Rate. In a potential scan, potential change follows a triangular waveform as shown in 
Figure 1.3. It is a function of time. The slope of each linear section is the scan rate. 
12 
 
Therefore, the larger the slope is, the faster the scan rate is. Increasing the scan rate may 
help to capture the presence of some unstable species at the CV time scale. In this 
dissertation, most of the CV studies were performed with a 100 mV/s scan rate, which is a 
commonly used value for the electrochemical studies of organometallic complexes.  
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Figure 1.3 Triangular potential waveforms with scan rate of 50 mV/s (solid line) and 100 
mV/s (dashed line). 
 
1.3.2 Electron Paramagnetic Resonance (EPR) Spectroscopy 
Electron Paramagnetic Resonance (EPR) spectroscopy requires the absorption of the 
microwave frequency radiation by molecules, ions, and/or atoms that have one or more 
unpaired electrons. It is also known as electron spin resonance (ESR) spectroscopy. Though 
it is often employed to characterize paramagnetic species, the EPR spectra are less well 
understood than other spectroscopic methods. In order to assist the readers to understand 
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the discussion of the EPR spectra in the following chapters, here we briefly introduce some 
basic concepts of method and spectrum, while a full description of the EPR spectroscopy 
can be found in the literature.74 
 
Basic Principles of EPR. The basic principles of EPR are very similar to NMR, except 
that NMR is a study of the non-zero nuclear spin systems (I ≠ 0) and the interactions 
between nuclei (indirect dipole-dipole coupling, or J-coupling) under an external applied 
magnetic field (MHz), while EPR is applicable for systems with non-zero electron spin (S ≠ 
0) and the interactions between the unpaired electrons and the non-zero nuclear spin atom 
(electron-nuclear hyperfine coupling) in presence of an external magnetic field (GHz). 
Typically, for a free electron system, when there is no external magnetic field, the two 
electron spin states (ms = ± 1/2) are considered degenerate; the application of a strong 
external magnetic field (B0) will split the degeneracy, so-called electronic Zeeman effect 
(Figure 1.4). The presence of a microwave frequency radiation (frequency = υ) that can 
provide a matched energy (hυ) to the energy difference between two spin states at certain 
field (geμBB0) will induce a Δms = ± 1 transition, which can be detected by the EPR 
spectrometer and result an absorption spectrum. The relationship between the energy 
difference (ΔE), the external magnetic field (B0), and the microwave frequency (υ) for a 
free electron system can be described in Eq. (1.1): 
ΔE = hυ = geμBB0                   (1.1) 
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where h is the Plank Constant, ge is the free electron g factor 2.0023, and μB is the Bohr 
magneton. However, in a real complex system, an unpaired electron experiences not only 
the external magnetic field, but also the local magnetic field developed by the adjacent 
nuclei. Therefore, the corrected equation should be 
ΔE = hυ = geμBBeff = geμBB0(1-σ) = gμBB0             (1.2) 
where σ is the correction factor, and g is the experimental g factor, equaling to ge(1-σ). 
Since g factor is mostly determined by the molecular structure and bonding environment, it 
is considered as a characteristic parameter for a metal complex and is commonly discussed 
in the EPR studies. Typically, for an organic radical, the g value is ~2.0, close to the free 
electron g factor, while for an organometallic complex, the averaged g value is significantly 
larger than 2, due to the effect of the metal center, especially for a transition metal center 
with many d electrons.  
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Figure 1.4 Electron Zeeman splitting. 
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Presentation of the EPR Spectra. As suggested from Eq. (1.2), theoretically, there are 
numerous combinations of υ and B0 that satisfy the equation. In order to search for the 
correct parameters, there are two experimental ways: scanning the frequency at a fixed 
external magnetic field, or scanning the magnetic field at a constant frequency. Considering 
the instrument costs and other practical reasons, most of the EPR spectrometers used today 
are designed under the latter mode. Therefore, the recorded EPR spectra are all 
field-dependent absorption spectra (Figure 1.5). However, the final reported EPR spectra 
are usually reported as the 1st derivative of the recorded spectra, because of the easiness to 
discern the coupling features in a derivative plot. In this dissertation, all of the EPR spectra 
are presented as the 1st derivative of the experimental field-scan spectra. 
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Figure 1.5 Comparison of EPR spectra presentation as absorbance and 1st derivative 
curves. 
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Anisotropic Effects and Electron-Nuclear Superhyperfine Couplings. For an unpaired 
electron that is in a spherical or cubic symmetric environment, the resulted EPR spectrum 
is isotropic (one peak with one g value). However, for most transition metal complexes, 
because of the distortion and asymmetric factors, anisotropic spectra are much more 
commonly observed, which are reflected by different g values (gx, gy, and gz) in one 
spectrum. The originality of the gx, gy, and gz arises from coupling of the spin angular 
momentum with the orbital angular momentum, which will not be introduced here. A 
simple understanding can be taken as that the measured g values are a function of the 
orientation of the complex with the field, which are coincident with the axes of x, y, and z. 
In the case of gx = gy ≠ gz, it is usually defined as axial pattern; while when gx ≠ gy ≠ gz it is 
called a rhombic spectrum (Figure 1.6). As discussed in the next few chapters, different 
patterns are associated with the geometry of complexes and the ground state of the 
unpaired electron.  
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Figure 1.6 Examples of isotropic and anisotropic EPR spectra: a) gx = gy = gz, b) gx = gy > 
gz, c) gx = gy < gz, d) gx ≠ gy ≠ gz. 
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In addition, EPR permits observation of the interaction between the unpaired electron and 
the adjacent nuclei having non-zero nuclear spin. The resulting EPR spectrum will be 
determined by the multiplicity (2nI + 1, n is the number of one kind of coupled nuclei, and 
I is the nuclear spin of corresponding nuclei) and the superhyperfine coupling constant (A), 
corresponding to these conditions. Therefore, EPR spectroscopy is a very useful technique 
for obtaining the structural and electronic information of unstable paramagnetic 
intermediates. 
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2.1  Introduction 
Since the first synthesis of Prussian blue in 1704, mixed-valence complexes have received 
considerable attention due to their valence localization/delocalization character and 
inter-valence electronic transitions that can be exploited in magnetism and electrochromism 
applications.1,2-6 Among dinuclear mixed-valence systems, Co(II)Co(III) complexes were 
rarely reported7-11: only two other systems contain an octahedral high-spin Co(II) center.7, 10 
 
Described herein is the synthesis and characterization of a novel Class II mixed-valence 
Co(II)Co(III) complex stabilized by a tridentate mononucleating ligand and that contains a 
carboxylate and two methoxide ligands. This system is the first magnetically characterized 
Co(II)Co(III) mixed-valence complex where both Co centers have an identical ligand 
environment.7 In addition, three related dinuclear and trinuclear Co(III) complexes have 
been synthesized and structurally characterized.  
 
Moreover, in light of the heterogeneous Co-based water oxidation catalyst reported by 
Nocera et al,12, 13 we also investigated the water oxidation ability of the Co(II)Co(III) 
complex and three related Co(III) systems. These studies show a limited water oxidation 
catalytic ability for our complexes, suggesting that a multinuclear Co cluster and/or the 
presence of O-rich ligands may be needed for generation of efficient molecular Co-based 
water oxidation catalysts. 
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2.2 Experimental Section 
2.2.1 Ligand and Complex Syntheses 
Reagents and Materials. All chemicals were commercially available from Aldrich, Fisher, 
or VWR, and were used as received without further purification. Solvents were purified 
prior to use by passing through a column of activated alumina using an MBraun solvent 
purification system. 
 
N-methyl-N,N-bis(2-pyridylmethyl)amine, L. L was synthesized following a slightly 
modified reported procedure.14 Formic acid (98%, 11.7 g, 0.25 mol) and formaldehyde 
(37% aqueous solution, 18.7 mL, 0.25 mol) were mixed thoroughly before adding 
bis-(2-pyridylmethyl)amine (4.5 mL, 0.025 mol) dropwise to a stirred reaction mixture. 
The mixture was heated to reflux for 12 h, cooled down to room temperature, and made 
basic with 3 M NaOH. Anhydrous diethyl ether (4 × 50 mL) was used to extract the 
product. The organic layer was dried with anhydrous K2CO3 (s) and the solvent was 
removed by rotary evaporation. The yellow oil product was purified by vacuum distillation 
(b.p. 110 ºC, 20 mTorr) and stored at +4 ºC. Yield: 4.7 g, 88%. 1H NMR (CDCl3, 300 
MHz): δ 8.51 (2H, d, pyridine 6-H), 7.7-7.0 (6H, m, pyridine 3, 4, 5-H), 3.73 (4H, s, 
NCH2), 2.28 (3H, s, NMe). 
 
[LCoII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)2, 1. To a stirred solution of L (0.213 g, 0.999 
mmol) in MeOH (5 mL), a solution of Co(CO2Me)2.4H2O (0.250 g, 1.00 mmol) in MeOH 
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(5 mL) was added dropwise. The solution was stirred for 10 min, after which H2O2 (50% 
wt, 28.8 μL, 0.500 mmol) was added dropwise. 30 min later, 1 equiv of NaClO4.H2O 
(0.145 g, 1.04 mmol) was added. And the solution was stirred and covered for 2 h. A 
brown powder started forming after 1 h of stirring. The resulting suspension was stored at 
+4 ºC overnight; the brown microcrystalline precipitate was collected by vacuum filtration, 
and washed with anhydrous diethyl ether. Yield: 0.174 g, 40%. The product was further 
purified by recrystallization in acetonitrile by diffusion of anhydrous diethyl ether. 
Elemental analysis, found: C, 41.24; H, 4.55; N, 9.63%, calculated C30H39N6O12Cl2Co2: C, 
41.68; H, 4.55; N, 9.72%. UV-vis (MeCN; λmax, nm (ε, M-1 cm-1)): 1071 (9), 569 (100), 
426 (620), 373 (290), 264(12,200). IR (film, cm-1): υ (MeCO2)as 1585, υ (MeCO2)s 1484. 
ESI-MS (m/z): 332.5843, calculated for ([LCoII(μ-CO2Me)(μ-OMe)2CoIIIL]2+ 332.5843; 
764.1188, calculated for [LCoII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)+ 764.1182. Complex 1 
shows no EPR signal at 77 K, while at 7 K two broad features are observed at g ≈ 4 and 2. 
 
[LCoIII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)3, 2. Complex 2 was synthesized by the 
controlled potential electrolysis of 1 (85.1 mg, 98.4 μmol) performed at 1.140 V (vs. 
Ag/AgNO3/MeCN) using two platinum mesh electrodes as both the working and auxiliary 
electrode, respectively, and Ag/0.01 M AgNO3/MeCN as the reference electrode. The 
electrolysis was stopped when the charge corresponding to a one-electron oxidation was 
passed. A dark green solution formed that gave a green powder upon slow ether vapor 
diffusion at -20 ºC. The product recrystallized from acetonitrile/diethyl ether. The crystals 
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were collected by vacuum filtration and washed with ether. Yield: 38.2 mg, 40%. 
Elemental analysis, found: C, 37.63; H, 3.95; N, 9.34%, calculated for 
C30H39N6O16Cl3Co2.0.5CH3CN: C, 37.82; H, 4.15; N, 9.25%. UV-vis (MeCN; λmax, nm (ε, 
M-1 cm-1)): 589 (262), 350 (5,080), 252 (30,740). IR (film, cm-1): υ (MeCO2)as 1551, υ 
(MeCO2)s 1480. ESI-MS (m/z): 221.7230, calculated for [LCoIII(μ-CO2Me)(μ-OMe)2- 
CoIIIL]3+: 221.7232; 382.0592, calculated for [LCoIII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)2+: 
382.0591; 863.0670, calculated for [LCoIII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)2+: 863.0667. 
 
[LCoIII(μ-PO4H)( μ-OH)2CoIIIL](ClO4)2, 3. Equimolar amounts of ligand L (0.1066g, 
0.50 mmol) and Co(ClO4)2.6H2O (0.1830g, 0.50 mmol) were dissolved in 5 mL MeOH : 
H2O (3 : 1, v : v) separately, and the Co(II) solution was added to the stirred ligand solution 
dropwise. Then 0.5 equiv K2HPO4 (43.5 mg, 0.25 mmol) was dissolved in a minimum 
amount of water and was slowly added to the reaction mixture while air was bubbled into 
the solution for 15 min, followed by stirring for 2 h. The initially formed cobalt phosphate 
purple precipitate was filtered and the filtrate was layered with anhydrous diethyl ether. 
Red crystals formed after 1-2 days. Yield: 31.8 mg, 15%. Elemental analysis, found: C, 
30.91; H, 3.30; N, 8.42%, calculated C26H33N6O14Cl2Co2P.0.5H2O.KClO4: C, 30.59; H, 
3.36; N, 8.23%. UV-vis (H2O; λmax, nm (ε, M-1 cm-1)): 530 (130), 373 (sh, 1,100), 309 (sh, 
6,300). IR (film, cm-1): υ (OH) 3400, υ (PO4) 552, 518. ESI-MS (m/z): 337.0425, 
calculated for [LCoIII(μ-PO4H)(μ-OH)2CoIIIL]2+: 337.0431; 773.0358, calculated for 
[LCoIII(μ-PO4H)(μ-OH)2CoIIIL](ClO4)+: 773.0348. 
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[L3CoIII3(μ-OH)4(OH)](ClO4)4, 4. Equimolar amounts of L (0.1066g, 0.50 mmol) and 
Co(CO2Me)2.4H2O (0.1245g, 0.50 mmol) were dissolved in 5 mL acetone : H2O (3 : 4, v : 
v) separately, and the Co solution was added to the stirred ligand solution dropwise, 
followed by 0.5 equiv H2O2 (50% wt, 14.4 μL, 0.25 mmol). After 15 min, 3 equiv of 
NaClO4.H2O (0.2101g, 1.50 mmol) was added. The solution was stirred for 2 h and layered 
with diethyl ether to yield red crystals overnight. Yield: 122.5 mg, 56%. Elemental 
analysis, found: C, 37.26; H, 3.80; N, 9.24%, calculated C39H50N9O21Cl4Co3.CH3COCH3: 
C, 37.16; H, 4.16; N, 9.29%. UV-vis (H2O; λmax, nm (ε, M-1 cm-1)): 519 (244), 314 (5,640). 
IR (film, cm-1): υ (OH) 3400, υ (ClO4) 1095. ESI-MS (m/z): 675.0587, calculated for 
[LCoIII(μ-O)2CoIIIL](ClO4)+: 675.0579. The synthesized trinuclear complex has likely 
dissociated into the dinuclear species, as observed by ESI-MS. 
 
2.2.2 Physical Measurements 
1H (300.121 MHz) NMR spectra were recorded on a Varian Mercury-300 spectrometer. 
Chemical shifts are reported in ppm and referenced to residual solvent resonance peaks. 
Infrared spectra were measured with KBr plate on a Perkin Elmer Spectrum BX FT-IR 
spectrometer in the range of 4000–400 cm-1. UV-vis spectra were recorded on a Varian 
Cary 50 Bio spectrophotometer. Gaussian fitting was performed by using Peak functions – 
GaussAmp in Origin 7.0 program. EPR spectra were recorded on a JEOL JES-FA X-band 
(9.2 GHz) EPR spectrometer in MeCN glass at 77 K. Elemental analyses were carried out 
by the Columbia Analytical Services Tucson Laboratory. ESI-MS experiments were 
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performed by a Bruker Maxis QTOF mass spectrometer with an electron spray ionization 
source (ESI mass-spectrometry was provided by Washington University Mass 
Spectrometry Resource, a NIH Research Resource. Grant No. P41RR0954). Room 
temperature magnetic susceptibility measurements in the solid state were performed using a 
Faraday balance by the Gouy method.15 Solution state magnetic susceptibility at room 
temperature was obtained by the Evans method in CD3CN using a 300 MHz NMR 
spectrometer.16 Variable temperature magnetic measurement was performed using 
Quantum Design Physical Properties Measurement System, working in the range 4.2-300 K 
under magnetic field of 2 T and at 4.2 K from 0 to 9 T (Center of Materials Innovation, 
Washington University). Susceptibilities were corrected for the diamagnetic contribution 
by using Pascal’s constants.17 The density functional theory (DFT) calculations were 
performed with the program packages Gaussian 03 or Gaussian 09.18 The B3LYP 
functional19, 20 along with the Stevens (CEP-31G)21, 22 valence basis sets and effective core 
potentials were employed. The CEP-31G valence basis set is valence triple-ζ for cobalt and 
double-ζ for main group elements. Spin unrestricted single point calculations were 
performed on the crystallographic coordinates of 1, with solvent and counteranion 
molecules excluded. 
 
2.2.3 Electrochemical Studies 
Cyclic Voltammetry (CV). Cyclic voltammograms were recorded at 298 K using a BASi 
EC Epsilon electrochemical workstation. A standard three-electrode cell was employed 
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with a BASi MF-2012 glassy carbon working electrode (GCE, d = 1 mm or 3 mm), a 
platinum-wire auxiliary electrode and a Ag/0.01 M AgNO3/MeCN electrode as the 
reference. Before every use, the working electrode was polished with 0.05 μm alumina 
particles for 30 s and cleaned with deionized water by ultrasonication for 1 min. 
Electrochemical-grade Bu4NClO4 (tetrabutylammonium perchlorate, TBAP) from Fluka 
was used as the supporting electrolyte at a concentration of 0.1 M in non-aqueous 
solutions. Potentials are reported relative to Fc+/Fc in TBAP/MeCN; the potential of 
ferrocene is 87 mV against Ag/0.01 M AgNO3/MeCN. In aqueous solutions, the Ag/AgCl 
electrode (0.197 V vs. NHE) was used as the reference, and a 0.1 M KH2PO4/K2HPO4 
buffer (KPi, pH = 7) was used as the supporting electrolyte. Analyzed solutions were 
deaerated by purging with nitrogen for 10 min. 
 
Water Oxidation Electrolysis. Controlled potential water oxidation electrolysis was 
performed using a two-compartment cell with a fine-porosity glass frit junction. A 2 cm × 1 
cm indium tin oxide (ITO, 8-12Ω resistivity per square inch, Aldrich) as the working 
electrode, while a platinum mesh and a Ag/AgCl electrode were used as the auxiliary and 
reference electrodes, respectively, and 0.1 M KPi pH 7 buffer was used as the supporting 
electrolyte.12 The area of ITO inserted into the solution was approximately 1 cm2. A 
solution of 1 or 2 in MeCN or Co(ClO4)2 in H2O was quantitatively dropped on the ITO 
with a microsyringe (1.2×10-7 mol/cm2 for complexes and 2.4×10-7 mol/cm2 for 
Co(ClO4)2).23 For water soluble complexes 3 or 4, a solution in KPi (0.5 mM) was used 
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directly (when 3 or 4 was deposited on ITO, the measured current was very small, <15 
μA). A FOXY O2 fluorescent probe (Ocean Optics) was employed to detect the amount of 
O2 produced during electrolysis. 
 
2.2.4  X-ray Diffraction Studies 
Crystals of X-ray diffraction quality for 1 and 2 were obtained by slow diethyl ether vapor 
diffusion into MeCN solutions. For 3 and 4, crystals were obtained by layering the 
solutions with diethyl ether. Preliminary examination and data collection were performed 
using a Bruker Kappa Apex-II Charge Coupled Device (CCD) Detector system single 
crystal X-ray diffractometer equipped with an Oxford Cryostream LT device. Data were 
collected using graphite monochromated Mo Kα radiation (λ= 0.71073 Å) from a fine 
focus sealed tube X-ray source. Apex II and SAINT software packages24 were used for data 
collection and data integration. Final cell constants were determined by global refinement 
of reflections from the complete date set. Data were corrected for systematic errors using 
SADABS24 based on the Laue symmetry using equivalent reflections. Structure solutions 
and refinement were carried out using the SHELXTL- PLUS software package.25 The 
structures were refined with full matrix least-squares refinement by minimizing 
∑w(Fo2-Fc2)2. All non-hydrogen atoms were refined anisotropically to convergence. All H 
atoms were added in the calculated position and refined using appropriate riding models 
(AFIX m3). All data were collected at 100 K, except complex 1 for which data were 
collected at both 100 K and 300 K. Complete listings of geometrical parameters, positional 
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and isotropic displacement coefficients for hydrogen atoms, and anisotropic displacement 
coefficients for the non-hydrogen atoms are included in Appendix D. 
 
2.3 Results and Discussion 
2.3.1  Synthesis and Structures 
Complex 1 was prepared by adding methanol solution of N-methyl-N,N-bis(2-pyridyl- 
methyl)amine (L) to Co(CO2Me)2 in MeOH followed by addition of an equvalent amount 
of hydrogen peroxide (Scheme 2.1).26 Addition of H2O2 is required for the formation of the 
complex. The X-ray structure of 1 reveals a dinuclear mixed-valence Co(II)Co(III) 
complex, [LCoII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)2 (Figure 2.1). While both Co centers 
have a pseudo-octahedral geometry, the average Co–N and Co–O bond distances of the 
Co1 center are 2.15 and 2.07 Å, respectively, longer than the similar bond length averages 
of 1.96 and 1.90 Å for the Co2 center. The observed bond length differences of 0.18–0.19 
Å for the Co1 vs. the Co2 center are typical for high spin Co(II) vs. low spin Co(III) 
centers,7-10 suggesting that 1 can be best described as a localized Class II mixed valence 
dinuclear complex.2 The X-ray diffraction pattern obtained at 300 K reveals a structure that 
is identical to that at 100 K, showing that 1 is a mixed-valence system over the entire 
temperature range (Appendix D). However, the two Co centers have an identical ligand 
environment, and the Co···Co distance of 3.021 Å in 1 is the shortest among all reported 
mixed-valence Co(II)Co(III) complexes,7-11 and thus, it prompted us to investigate in detail 
the electronic properties of this system (vide infra). 
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Scheme 2.1 Synthesis of the Co complexes. 
 
 
Controlled potential electrolysis of 1 at 1.05 V vs. Fc+/Fc in MeCN yielded a green product 
that formed after the charge equivalent to a one-electron oxidation had passed. X-ray 
structural characterization of the green complex reveals an almost C2-symmetric structure 
corresponding to [LCoIII(μ-CO2Me)(μ-OMe)2CoIIIL](ClO4)3, 2. Both Co centers have a 
pseudo-octahedral geometry and similar metrical parameters with the average Co–N and 
Co–O bond distances of 1.96 and 1.92 Å, respectively, confirming the presence of two 
Co(III) centers (Figure 2.1). The more compact structure of 2 exhibits a Co···Co distance of 
2.956 Å, which is ~0.06 Å shorter than that found for 1. 
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Figure 2.1 ORTEP diagram for 1 and 2 with 50% thermal ellipsoids (the ClO4- 
counteranions and H atoms were omitted for clarity). Selected bond distances (Å) for 1: 
Co1–Oave 2.066, Co1–Nave 2.147, Co2–Oave 1.902, Co2–Nave 1.957, Co1···Co2 3.021; and 2: 
Co1–Oave 1.920, Co1–Nave 1.960, Co2–Oave 1.928, Co2–Nave 1.962, Co1···Co2 2.956. 
 
When ligand L was reacted in a methanol–water solution with Co(ClO4)2.6H2O instead of 
Co(CO2Me)2.4H2O to avoid the presence of the carboxylate ions, addition of K2HPO4 led 
to formation of the bis(μ-hydroxo), phosphate-bridging dinuclear complex [LCoIII- 
(μ-PO4H)(μ-OH)2CoIIIL](ClO4)2, 3. The added K2HPO4 provides the phosphate-bridging 
ligand needed to complete the octahedral coordination of each Co(III) center, while the 
hydroxide bridging ligands are derived from water (Scheme 2.1 and Figure 2.2). The 
relatively low yield of the reaction is due to the formation of the insoluble cobalt(III) 
phosphate side product. In addition, the diffraction data for 3 suffers from disorder and 
twinning; thus, this structure is used only to obtain atom connectivity information. 
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Figure 2.2 X-ray crystal structures of 3 and 4 (the counteranions and H atoms were 
omitted for clarity). See Appendix D for metrical parameters. 
 
Interestingly, the use of Co(CO2Me)2.4H2O as the metal salt in an aceton–water mixture 
yielded the trinuclear, hydroxide-bridged complex [L3CoIII3(μ-OH)4(OH)](ClO4)4, 4, where 
the bridging counteranion has been replaced by a LCo(μ-OH)2 fragment (Scheme 2.1 and 
Figure 2.2). All three Co centers have metrical parameters suggestive of Co(III) ions: the 
Co1 and Co2 centers are similar to the Co centers in 2 and 3, while a terminal hydroxide 
ligand completes the octahedral geometry of the Co3 ion. While numerous examples exist 
of trinuclear Co(III) complexes with three μ2-hydroxo and one μ3-oxo bridging ligands (i.e., 
a Co3O4 core), complex 4 is to the best of our knowledge the first nonlinear trinulcear Co 
complex that does not have a μ3-bridging ligand.27  
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Table 2.1 Electrochemical and UV-vis data for complexes 1–4.a 
Complex 
EpaII,III/III,III, EpcIII,III/II,III, 
EpcII,III/II,II (V)b 
UV-Vis, λ, nm (ε, M-1 cm-1) 
1 1.34, 0.65, -0.08 (irrevc) 
1071 (10), 569 (100), 426 (620), 373 (290), 
264 (12,200) 
2 1.35, 0.62, -0.08 (irrev) 589 (260), 350 (5,100), 252 (30,700) 
3 -0.01 (irrev), -0.30 (irrev) 530 (130), 373 (1,100), 309 (6,300) 
4 0.21 (irrev), -0.30 (irrev) 519 (240), 314 (5,600) 
a Data were recorded in MeCN for 1 and 2, and in aqueous solutions for 3 and 4. bMeasured 
by cyclic voltammetry, and reported vs. NHE (scan rate 100 mV/s). c Irreversible.  
 
2.3.2 Cyclic Voltammetry Studies 
The cyclic voltammogram (CV) of 1 in MeCN displays a quasi-reversible oxidation with 
the anodic wave at 1.34 V vs NHE (0.72 V vs. Fc+/Fc), the cathodic wave at 0.65 V vs 
NHE (0.03 V vs Fc+/Fc), and an irreversible reduction peak at -0.08 V vs NHE (-0.70 V vs 
Fc+/Fc, Table 2.1 and Figure 2.3). The reduction peak at 0.65 V was not observed if 
scanning negatively first, supporting its association with the oxidation wave at 1.34 V, both 
being assigned to the Co(II)Co(III)/Co(III)Co(III) redox couple. The ~700 mV 
peak-to-peak separation of the quasi-reversible oxidation process is indicative of a 
chemically reversible but electrochemically quasi-reversible process, as expected for the 
structural reorganization occurring upon oxidation from Co(II) in 1 to Co(III) in 2. The 
reduction at -0.08 V, assigned to a Co(II)Co(III) → Co(II)Co(II) process is irreversible 
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most likely due to the lability of the Co(II) centers on the voltammetric time scale. 
Moreover, no additional oxidation waves have been observed in the cathodic scan up to 2.3 
V vs NHE (1.7 V vs Fc+/Fc), suggesting that 1 cannot access the Co(IV) oxidation state 
under electrochemistry conditions. A similar CV was observed for 2 except that the 
oxidation peak appears only after the initial cathodic scan, confirming that the assignment 
of this oxidation peak is Co(II)Co(III) → Co(III)Co(III) (Table 2.1 and Figure 2.3).  
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Figure 2.3 CVs of 1 mM of a) 1 and b) 2 in 0.1 M TBAP/MeCN. Scan rate = 100 mV/s. 
 
The CV of 3 (0.5 mM) in 0.1 M KPi (pH 7) shows two irreversible reduction peaks at ~-10 
and ~-300 mV vs NHE, and no oxidation peak was observed in the first anodic scan (Table 
2.1 and Figure 2.4). In addition, the CV does not change when multiple scans (>10) were 
carried out within the range of 0.5–1.7 V. Similarly, the CV of 4 in 0.1 M KPi (pH 7) 
reveals two irreversible reductions at 210 and -300 mV vs NHE (Table 2.1 and Figure 2.5). 
On the basis of the ESI-MS result, 4 can dissociate in solution into a dinuclear 
CoIII(μ-OH)2CoIII species that exhibits a CV similar to 3. 
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Figure 2.4 CVs of 0.5 mM of 3 in 0.1 M KPi (pH 7). Scan rate = 100 mV/s. a) -0.7–1.4 V; 
b) 0.5–1.7 V. 
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Figure 2.5 CVs of 0.3 mM of 4 in 0.1 M KPi (pH 7). Scan rate = 100 mV/s. a) -0.5–1.4V; 
b) 0.5–1.7V. 
 
2.3.3 UV-vis Spectra 
The absorption spectrum of 1 in MeCN reveals transitions at 1071, 569, 426, and 373 nm 
(Table 2.1 and Figures 2.6–2.7), while 2 exhibits two absorption bands at 589 nm and 350 
nm. Since 1 contains both Co(II) and Co(III) centers, the band at 373 nm (υ4, 26,782 cm-1) 
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is assigned as a d-d transition of the Co(III) center.28 The other three absorption bands at 
1071 nm (υ1, 9,338 cm-1), 569 nm (υ2, 17,572 cm-1) and 426 nm (υ3, 23,495 cm-1) are 
assigned to the three spin-allowed transitions expected for a high-spin Co(II) in a 
pseudo-octahedral geometry: 4T1g → 4T2g, 4T1g → 4A2g, and 4T1g(F) → 4T1g(P), respectively 
(Figure 2.8).29 The extinction coefficient of the 1071 nm band is ~10 M-1 cm-1, much lower 
than the usual value of ~1,000 M-1 cm-1 for charge transfer bands, further suggesting that 1 
is a Class II mixed-valence system.1  
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Figure 2.6 UV-vis spectra of 1 in MeCN: a) 350–800 nm, b) 650–1350 nm. 
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Figure 2.7 Gaussian fitting UV-vis spectrum of 1 in MeCN in the visible range (300-800 
nm), R2 = 0.99962. λmax, nm (ε, M-1 cm-1): dashed line, 569 (100); dotted line, 426 (620); 
dashed-dotted line, 373 (290); dashed-dotted-dotted line, 264 (12,200, not shown). Short 
dashed-dotted line: combined fitting curve. Solid line: experimental UV-vis spectrum. 
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Figure 2.8 Energy diagram showing the electronic transitions for 1 and 2. 
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For complex 1, through Lever’s derivation (Eq. 2.1–2.5),30  
υ1 = 5Dq – (15/2)B + 1/2 (225B2 +100Dq2 +180DqB)1/2                 (2.1) 
υ 2 = 15Dq – (15/2)B + 1/2 (225B2 +100Dq2 +180DqB)1/2                (2.2) 
υ 3 = (225B2 +100Dq2 +180DqB)1/2                                (2.3) 
 
c = 0.75 + 1.875(B/Dq) – 1.25[1 + 1.8(B/Dq) + 2.25(B/Dq)2]1/2          (2.4) 
A = (3/2 – c2)/(1 + c2)                                            (2.5) 
the two ligand field parameters Dq and Racah B were calculated to be 966 and 1092 cm-1, 
respectively, and the A factor (i.e. the degree of mixing of the two 4T1g states arising from 
the 4F and 4P terms)31 was found to be 1.43, suggestive of a weak ligand field for the Co(II) 
center in 1.10, 29, 32, 33 By comparison, the UV-vis spectrum of 3 in a 0.1 M KPi aqueous 
solution exhibits absorption bands at 530 and 373 nm, while the spectrum of 4 in 0.1 M 
KPi shows two bands at 519 and 314 nm (Table 2.1), both spectra being characteristic of 
Co(III) species.  
 
The stability of 1 and 2 under aqueous conditions was tested by recording their UV-vis 
spectra in 1 : 1 (v : v) MeCN : 0.1M KPiaq pH 7 solution (Figures 2.9). While the UV-vis 
spectrum of 2 did not change upon addition of the KPi solution, for 1 a new absorbance 
band at 520 nm and a shoulder at ~370 nm were observed, suggesting that 1 reacts with 
KPi to generate a new species that has an absorption profile similar to the bis(μ-hydroxide), 
phosphate-bridged dinuclear complex 3. This is confirmed by ESI-MS analysis of the 
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solution of 1 in MeCN : 0.1 M KPi that reveals one peak at 755.0521 assigned to 
[LCoIII(μ-OH)(μ-PO4)CoIIIL](ClO4)+ (calculated 755.0243), suggesting that a species with 
HO- and/or HPO42- bridging ligands (i.e., analogous to 3) has been formed in the presence 
of aqueous KPi (Scheme 2.1).  
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Figure 2.9 UV-vis spectra of a) 1 and b) 2: in MeCN (solid line), MeCN:H2O (v : v, 1 : 1) 
(dashed line), the aqueous layer (dotted line) and the MeCN layer (dashed-dotted line) of 
MeCN:0.1 M KPi aqueous solution (v : v, 1 : 1). 
 
2.3.4 Magnetic Properties of Co(II)Co(III) Complex 
Room temperature magnetic moment measurements of 1 were performed both in solution 
and in the solid state to give a value of ~4.2 μB, typical for a high-spin Co(II) center.10 
Variable- temperature magnetic susceptibility measurements reveal decreasing χMT values 
from 2.61 cm3 K mol-1 at 300 K to 1.51 cm3 K mol-1 at 4.2 K, characteristic of the 
spin–orbit coupling effects for high-spin octahedral Co(II) ions. The full Hamiltonian 
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describing the magnetic properties of an isolated octahedral Co(II) ion, including the 
spin–orbit coupling, axial distortion, and Zeeman interaction is given by  
Ĥ = -AκλLS + Δ[Lz2 – (1/3)L(L + 1)] + μB(-AκL + geS)H              (2.6) 
where the A factor was defined above, κ is the reduction of the orbital momentum caused 
by the delocalization of the unpaired electrons, λ is the spin–orbit coupling constant, and Δ 
is an axial distortion factor. As an exact analytical expression to describe the magnetic 
susceptibility of a Co(II) ion in a distorted octahedral geometry cannot be derived,10 an 
empirical expression developed by Lloret et al. was employed.33 For high-spin Co(II) ions 
the ground state doublet can be described through an effective spin S’ = 1/2 with a Lande 
factor g0, which can be represented by a temperature dependent function G(T), as expressed 
in Eq. (2.7). G(T) is dependent on α, Δ, and λ and takes into account the population of the 
excited states in an empirical way:  
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                (2.7) 
where x1 = α, x2 = Δ, and x3 = λ; Δ and λ being given in cm-1 and T in Kelvin. The Ai,j,k and 
Bi,j,k coefficients are provided from literature.33 The experimental χMT value for an axially 
distorted octahedral Co(II) ion is described using Eq. (2.8) and can be fit with the α, Δ, and 
λ parameters.  
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By employing this empirical expression, the best fit to the experimental data of 1 gave α = 
Aκ = 1.16, Δ = 498 cm-1, and λ = -89 cm-1 (Figure 2.10). These values are within the range 
for high-spin octahedral Co(II) centers.10, 29, 32, 33 The α value suggests a weak ligand field 
with a small orbital reduction factor, while the Δ value confirms the axial distortion as 
observed in the crystal structure. The slightly lower than normal |λ| value may be due to a 
very small degree of delocalization found in 1,10 likely due to the identical ligand 
environment of the two Co centers. 
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Figure 2.10 Plot of the χMT vs. T for 1. Experimental data (open circles) and the best fit 
(black line) using the Hamiltonian described in the text. Inset: plot of the reduced 
magnetization (M/NμB) at 4.2 K for 1 (open circles) and the fit to the Brillouin equation for 
S’ = 0.5 and g = 4.04 (black line). 
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The reduced magnetization (M/NμB) for 1 at 4.2 K reaches a saturation Ms value of 2.02 μB 
at 80 kG (Figure 2.10, inset). This value is smaller than the expected value of 3 for g = 2 
due to the fact that only the ground state Kramers doublet is populated at 4.2 K, with an 
effective spin S’ = 1/2 with g = (10+2α)/3 = 4.10 similar to the experimental value of 4.04. 
Overall, the magnetic behavior of the 1 is in agreement with the presence of an isolated 
Co(II) ion. Additional evidence for 1 being a localized Class II mixed-valence system is 
provided by the DFT-calculated spin density showing that less than 0.3% of the total spin 
density is found on the Co(III) center (Table 2.2 and Figure 2.11).  
 
Table 2.2 Selected Mulliken atomic spin densities for 1 (atom numbers taken from the 
X-ray structure). 
Co1 2.690734 Co2 0.010777 
N1 0.056893 N4 -0.001153 
N2 0.062006 N5 -0.000240 
N3 0.056757 N6 -0.001078 
O1 0.042850 O2 -0.001413 
O3 0.041187 O4 0.049530 
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Figure 2.11 DFT calculated spin density for 1, shown as a 0.005 contour plot. 
 
2.3.5 Water Oxidation Studies 
The distinctive electronic properties of the mixed-valence Co(II)Co(III) complex 1 and its 
potential relevance to the heterogeneous Co-based water oxidation catalyst12, 13 have 
prompted us to investigate the water oxidation ability of 1 and 2. When a small amount of 
water was added to 1 mM solution of 1 and 2 in 0.1 M TBAP/MeCN, the CV shows a 
current increase in the nodic region, likely due to water oxidation, although no distinct 
oxidation wave was observed (Figure 2.12). A similar current increase was also observed 
for 2, suggesting that both 1 and 2 may have the ability to catalyze water oxidation. Thus, 
water electrolysis studies were performed at 1.597 V vs NHE (0.973 V vs Fc+/Fc) in 0.1 M 
phosphate buffer (KPi), pH 7. Due to the low solubility of 1 and 2 in H2O, an indium tin 
oxide (ITO) electrode coated with 1.2 × 10-7 mol of either 1 or 2 was used as the working 
electrode. Both complexes showed a low initial catalytic current (< 0.5 mA) that dropped 
rapidly to reach a steady state of ~0.1 mA after 1 h (Figure 2.13), during which time a 
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charge of ~0.5 C passed for both complexes, corresponding to a theoretical amount of ~1.3 
μmol O2. During electrolysis bubbles formed on the ITO surface coated with 1, a value of 
2.5 ± 0.7 μmol O2 produced was measured by a fluorescent probe (Figure 2.14), yet the 
value is too small to be measured precisely (no bubbles were observed in a control 
experiment with a blank ITO electrode). While H2O2 could be produced instead of O2, the 
applied electrolysis potential is expected to rapidly oxidize the formed H2O2 to O2 (the 
O2/H2O2 potential is 0.281 V vs NHE at pH 7). No large difference in water oxidation was 
observed between the complexes 1 and 2, suggesting that the oxidation state of the Co 
centers is not markedly affecting their reactivity.  
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Figure 2.12 CVs of 1 mM solution of 1 (dashed line) and 2 (dotted line) in 0.1 M 
TBAP/MeCN:H2O (v:v, 9:1). The ITO background is shown in solid line. 
 
50 
 
 
Figure 2.13 Bulk electrolysis at 1.597 V vs NHE (1.400 V vs Ag/AgCl) in 0.1 M KPi 
electrolyte at pH = 7. The ITO electrode was coated with 1 or 2 (1.2×10-7 mol per cm2), or 
Co(ClO4)2 (2.4×10-7 mol per cm2). For 3 and 4, a 0.5 mM solution in 0.1 M KPi was 
employed. Inset: expanded electrolysis traces for 1, 2, 3, and 4. The current corresponding 
to the blank ITO electrode control is shown in solid line. 
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Figure 2.14 O2 production measured by a fluorescent sensor during electrolysis of 1 (1.2×
10-7 mol/cm2 on ITO) at 1.597 V vs NHE (1.400 V vs Ag/AgCl) in 0.1 M KPi pH 7. The 
amount of O2 formed was corrected for the background leaking rate of air into the 
electrolysis system. 
 
A control electrolysis experiment using an ITO electrode coated with 2.4 × 10-7 mol of 
Co(ClO4)2 reveals a higher current corresponding to a charge of 3.54 C in 1 h. The final 
current density of ~0.7 mA/cm2 is similar to Nocera’s system (~1.1 mA/cm2), 4 and a brown 
coating formed on the ITO surface, suggesting generation of a heterogeneous Co-based 
water oxidation catalyst in situ.12 
 
Since complex 3 is analogues to the species generated by adding aqueous KPi to a MeCN 
solution of 1, and complex 4 has a structure resembling the minimal unit that could exist in 
Nocera’s heterogeneous Co–O catalyst,12, 13 water oxidation studies was also carried out for 
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complex 3 and 4. When a potential of 1.597 V vs NHE was applied to 0.5 mM solutions of 
3 and 4 in 0.1 M KPi pH 7, a limited water oxidation ability was revealed for 3, while a 
lack of water oxidation reactivity was observed for 4 (Figure 2.13). UV-vis spectra before 
and after water electrolysis for both solutions of 3 and 4 are unchanged (Figure 2.15), 
indicating that these complexes remain intact under these electrolysis conditions. Overall, 
there results suggest that the investigated dinuclear and trinuclear Co complexes are not 
efficient water oxidation electrocatalysts.  
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Figure 2.15 UV-vis spectra of solutions of a) 3 and b) 4 before (solid line) and after 
(dashed line) electrolysis at 1.597 V vs NHE (1.40 V vs Ag/AgCl) in 0.1 M KPi pH 7. 
 
2.4 Conclusion 
Using the tridentate ligand N-methyl-N,N-bis(2-pyridylmethyl)amine (L), we synthesized a 
dinuclear Co(II)Co(III) complex containing μ-methoxo and μ-carboxylato bridging ligands 
and where both Co centers have a pseudo-octahedral geometry and an identical ligand 
environment. Structural, electrochemical, spectroscopic, and magnetic studies suggest that 
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this complex is a Class II, localized mixed-valence system. In addition, the corresponding 
one-electron oxidized Co(III)Co(III) dinuclear complex and two additional Co(III) 
complexes with μ-hydroxo and μ-phosphato bridging ligands have been structurally 
characterized. The potential water oxidation catalytic ability of the four Co complexes has 
been investigated; however, all the synthesized Co complexes are not efficient water 
oxidation catalysts. The results reported herein suggest that a dinuclear (or trinuclear) Co 
complex may not be sufficient for the formation of a molecular water oxidation catalyst. 
Moreover, we suggest that for the investigated Co complexes with N- and O-donor ligands, 
a Co(IV) intermediate cannot be accessed,34 and as such these systems should not be able 
to oxidize water efficiently. Our current research efforts are aimed at investigating whether 
dinuclear, hydroxide-bridged complexes of other transition metals or employing additional 
O-rich ligands can act as homogeneous water oxidation catalysts. 
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3.1  Introduction 
Numerous biological and synthetic metal-containing systems employ binuclear and 
multinuclear metal clusters to catalyze difficult transformations such as small molecule 
activation and multielectron reactions.1, 2 In these multinuclear complexes, the presence of 
metal-metal interactions can play an important role in their electronic structure and 
reactivity.3, 4 In this context, while several Rh(I), Ir(I), and Pt(II) dinuclear complexes that 
exhibit weak d8-d8 interactions have been reported and shown to display unusual 
photochemical reactivity,5-10 only a few Pd(II) dinuclear species with metal-metal 
interactions have been described to date.11-18 Reported herein are a series of Pd(II) and Pt(II) 
complexes stabilized by the tetradentate ligand 2,11-dithia[3.3](2,6)pyridinophane, N2S2, 
that display unique d8-d8 interactions between dicationic metal centers. Interestingly, these 
interactions are not supported by any bridging ligands, and quantum chemical calculations 
suggest a significant metal-metal bonding character that is likely due to the presence of S 
donors and axial metal-ligand interactions. In addition, preliminary reactivity studies of a 
Pd(II)-methyl complex suggest that metal-metal interactions may play a role in the methyl 
group transfer reactivity of such Pd complexes. 
 
3.2 Experimental Section 
3.2.1 Ligand and Complexes Syntheses 
Reagents and materials. All chemicals were commercially available from Aldrich, Fisher 
or Strem Chemicals and were used as received without further purification. 2,11-dithia- 
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[3.3](2,6)pyridinophane (N2S2),19-21 (N2S2)PdIICl2,20 (N2S2)PtIICl2,20 and 
(COD)PdIIMeCl22 were prepared according to the literature procedures. Solvents were 
purified prior to use by passing through a column of activated alumina using an MBraun 
solvent purification system. 
 
[(N2S2)PdII(MeCN)]2(OTf)4, 1. A solution of AgOTf (35.1 mg, 136.6 μmol) in MeCN (3 
mL) was added to a stirred solution of (N2S2)PdIICl2 (31.0 mg, 68.6 μmol) in MeCN (20 
mL). A white precipitate of AgCl appeared immediately and the color of the solution 
changed from yellow to brown. Stirring was continued at room temperature for 2 h in the 
dark. The solvent was removed by rotary evaporation and the solid residue was redissolved 
in a minimum amount of MeCN. The resulting brown solution was filtered through Celite. 
The clear dark red filtrate was layered with anhydrous diethyl ether to give large dark-red 
crystals after several days at room temperature. Yield: 21.6 mg, 44%. UV-vis (MeCN; λ, 
nm (ε, M-1cm-1)): 515 (780), 342 (8120), 244 (28000). UV-vis (acetone; λ, nm (ε, M-1cm-1)): 
523 (1300), ~339 (19000). 1H NMR (CD3CN, 300 MHz), δ (ppm): 4.48 (d, J = 16.2 Hz, 4H, 
CH2), 5.08 (d, J = 16.2 Hz, 4H, CH2), 7.21 (d, J = 7.5 Hz, 4H, Py Hmeta), 7.59 (t, J = 7.5 Hz, 
2H, Py Hpara). Elemental analysis: found, C 30.05, H 2.78, N 5.59%; calculated 
C36H34F12N6O12Pd2S8, C 30.03, H 2.38, N 5.84%. ESI-MS (m/z): 189.9811, calculated for 
[(N2S2)PdII]2+: 189.9816; 528.9193, calculated for {[(N2S2)PdII](OTf)}+: 528.9153; 
1058.8364, calculated for {[(N2S2)PdII]2(OTf)2 – H+}+: 1058.8271; 1208.7983, calculated 
for {[(N2S2)PdII]2(OTf)3}+, 1208.7829. 
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[(N2S2)PtII(MeCN)]2(OTf)4, 2. A solution of AgOTf (28.8 mg, 112.1 μmol) in MeCN (1 
mL) was added to a stirred suspension of (N2S2)PtIICl2 (29.8 mg, 55.1 μmol) in MeCN (10 
mL). The solution became bright yellow immediately. After stirring for 2 h in dark at RT, 
the solution became cloudy. The solvent was removed by rotary evaporation and the 
resulting red solid was dissolved in a minimum amount of MeCN (1–2 mL) and the orange 
solution was filtered through Celite. The filtrate was set to crystallize by anhydrous diethyl 
ether vapor diffusion. Dark red crystals formed after several days. Yield: 24.3 mg, 54%. 
UV-vis (MeCN; λ, nm (ε, M-1cm-1)): 404 (1290), 356 (3030), 260 (22000). UV-vis (aceton; 
λ, nm (ε, M-1cm-1)): 410 (1180), ~345 (3500). 1H NMR (CD3CN, 300 MHz), δ (ppm): 4.72 
(d, J = 16.2 Hz, 4H, CH2), 5.14 (d, J = 16.2 Hz, 4H, CH2), 7.27 (d, J = 7.5 Hz, 4H, Py 
Hmeta), 7.60 (t, J = 7.5 Hz, 2H, Py Hpara). Elemental analysis: found, C 26.45, H 2.57, N 
4.65%; calculated C36H34F12N6O12Pt2S8.H2O, C 26.44, H 2.22, N 5.14%. ESI-MS (m/z): 
234.5113, calculated for [PtII(N2S2)]2+: 234.5123; 312.3461, calculated for {[(N2S2)PtII]2 
– H+}3+: 312.3465; 326.0217, calculated for {[(N2S2)PtII(MeCN)PtII(N2S2)] – H+}3+: 
326.0220; 617.9812, calculated for {[PtII(N2S2)](OTf)}+: 617.9766; 1275.9840, calculated 
for {[(N2S2)PtII(MeCN)PtII(N2S2)](OTf)2 – H+}+: 1275.9698.  
 
[(N2S2)PdIIMe]2(OTf)4, 3 
1) N2S2 + (COD)PdMeCl → (N2S2)PdMeCl + COD 
N2S2 (85.0 mg, 0.310 mmol) and (COD)PdMeCl (82.4 mg, 0.310 mmol) were stirred in 50 
mL of dry diethyl ether under N2 for 1 day. The yellow precipitate was filtered off, washed 
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with ether, pentane, and dried under vacuum. The yellow solid was used for the synthesis 
of [(N2S2)PdMe]2(OTf)2 (3) without further purification. Yield: 105 mg, 79%. UV-vis 
(CH2Cl2; λ, nm (ε, M-1cm-1)): 390 (sh, 700), 330 (sh, 1900). 1H NMR (CDCl3, 300 MHz), δ 
(ppm): 0.79 (s, 3H, PdMe), 4.13 (d, J = 14 Hz, 2H, CH2), 4.23 (d, J = 14 Hz, 2H, CH2), 
5.99 (d, J = 14 Hz, 2H, CH2), 6.21 (d, J = 14 Hz, 2H, CH2), 7.05 (d, J = 7 Hz, 2H, Py Hmeta), 
7.16 (d, J = 7 Hz, 2H, Py Hmeta), 7.51 (t, J = 7 Hz,1 H, Py Hpara), 7.60 (t, J = 7 Hz, 1H, Py 
Hpara). ESI-MS (m/z): 394.9897, calculated for [(N2S2)PdIIMe]+: 394.9868; 414.9341, 
calculated for [(N2S2)PdIICl]+: 414.9322. 
 
2) 2 (N2S2)PdMeCl + 2 AgOTf → [(N2S2)PdMe]2(OTf)4 + 2 AgCl 
A solution of AgOTf (11.8 mg, 45.9 μmol) in acetone (1 mL) was added to a stirred 
suspension of (N2S2)PdMeCl (19.6 mg, 45.5 μmol) in acetone (10 mL). The solution 
became orange immediately. After stirring for 2~3 h in dark at RT under N2 flow, the 
solution became cloudy. The solvent was removed by rotary evaporation and the resulting 
orange-red solid was dissolved in a minimum amount of acetone (1–2 mL) and the orange 
solution was filtered through Celite. The filtrate was set to crystallize by ether diffusion. 
Dark red plates formed after several days at -20 °C. Yield: 24 mg, 100%. UV-vis (MeCN; λ, 
nm (ε, M-1cm-1)): 346 (1400), 289 (4600). UV-vis (acetone; λ, nm (ε, M-1cm-1)): 435 (390), 
~340 (3800). 1H NMR (aectone-d6, 300 MHz), δ (ppm): 1.00 (s, 3H, CH3), 4.75 (d, J = 
15.8 Hz, 4H, CH2), 4.88 (d, J = 15.8 Hz, 4H, CH2), 7.24 (d, J = 7.6 Hz, 4H, Py Hmeta), 7.50 
(t, J = 7.6 Hz, 2H, Py Hpara). Elemental analysis: found, C 33.84, H 4.00, N 4.72%; 
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calculated C32H34F6N4O6Pd2S6.3H2O, C 33.60, H 3.52, N 4.90%. ESI-MS (m/z): 394.9903, 
calculated for [(N2S2)PdIIMe]+: 394.9868; 852.9628, calculated for 
{[(N2S2)PdIIMe]2(HCO3–)}+: 852.9666. 
 
3.2.2 Physical Measurements 
1H (300.121 MHz) NMR spectra were recorded on a Varian Mercury-300 spectrometer. 
Variable temperature experiments were performed from 20 °C to -60 °C. Chemical shifts 
are reported in ppm and referenced to residual solvent resonance peaks. UV-vis spectra 
were recorded on a Varian Cary 50 Bio spectrophotometer. Solid-state UV-vis samples 
were prepared by mixing the finely ground powder with silicone oil (DC 200, 
Sigma-Aldrich) and pressed into a film on a glass coverslip. Gaussian fitting was 
performed using Peak functions-GaussAmp in the Origin 7.0 program. Elemental analyses 
were carried out by the Columbia Analytical Services Tucson Laboratory. ESI-MS 
experiments were performed on a Bruker Maxis Q-TOF mass spectrometer with an electron 
spray ionization source (ESI mass-spectrometry was provided by Washington University 
Mass Spectrometry Resource, a NIH Research Resource, grant No. P41RR0954). 
 
3.2.3 Reactivity Studies of Pd(II)-Me Dinuclear Complex 
All operations were performed in a nitrogen-filled glovebox. An NMR tube capped with a 
rubber septum was charged with a solution of 3 (2.0 mg, 1.8 μmol) in 1.0 mL acetone-d6. A 
solution of 2 equiv. (Cp2Fe)PF6 (Fc+) in 1.4 mL of acetone-d6 was added in portions with a 
64 
 
microsyringe and the mixture was thoroughly mixed after each addition. Dioxane standard 
was added with a microsyringe when the mixture has stopped reacting based on 1H NMR. 
The relative yields of well defined product and unreacted 3 were obtained by the integration 
of the corresponding methyl groups assuming that there is no loss of methyl group in any 
side reactions. For hard-to-define species, the relative yields were calculated by subtracting 
the integration of CH2 groups of other products and unreacted 3 from the total integration in 
the CH2 region. 
 
3.2.4 Computational Studies 
The density functional theory (DFT) calculations were performed with the program 
package Gaussian 09.23, 24 The B3LYP functional was employed,25, 26 the LANL2DZ basis 
set and Hay and Wadt effective core potentials were used for Pd and Pt,27, 28 and the 6-31G* 
basis set was used for S, C, N, and H. Similar results have been obtained with the Stevens 
(CEP-31G)29, 30 valence basis set and effective core potential, which have been shown 
previously to reproduce well experimental parameters of Pd complexes.31, 32 Single point 
calculations were performed on the crystallographic coordinates of the cations of 1, 2, and 
3. The ground state wavefunctions were investigated by analysis of the frontier MOs 
(Appendix C), and the atomic contributions to MOs were calculated using the program 
Chemissian.33 The Bond Analysis Tool in Chemissian was used to calculate the Mayer 
bond order indexes between atoms. TD-DFT calculations were employed to obtain the 
predicted absorption bands and their major contribution transitions (Appendix C). The 
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calculated UV-vis spectrum was generated using Chemissian, with a full width at half 
maximum (FWHM) value of 3,500 cm-1. The tetracation of 1 and the mononuclear species 
[(N2S2)PdII(MeCN)2]2+ were geometry optimized in MeCN using the functional and basis 
sets described above and the Polarizable Continuum Model solvation method.34 
 
3.2.5 X-ray Diffraction Studies 
Crystals of X-ray diffraction quality were obtained by slow anhydrous diethyl ether vapor 
diffusion into acetonitrile or acetone solutions. Suitable crystals of appropriate dimensions 
were mounted on Mitgen loops in random orientations. Preliminary examination and data 
collection were performed using a Bruker Kappa Apex-II Charge Coupled Device (CCD) 
Detector system single crystal X-ray diffractometer equipped with an Oxford Cryostream 
LT device. Data were collected using graphite monochromated Mo Kα radiation (λ= 
0.71073 Å) from a fine focus sealed tube X-ray source. Preliminary unit cell constants were 
determined with a set of 36 narrow frame scans. Typical data sets consist of a combination 
of ϖ and φ scan frames with typical scan width of 0.5° and counting time of 15-30 
seconds/frame at a crystal to detector distance of ~4.0 cm. The collected frames were 
integrated using an orientation matrix determined from the narrow frame scans. Apex II 
and SAINT software packages were used for data collection and data integration.35 
Analysis of the integrated data did not show any decay. Final cell constants were 
determined by global refinement of reflections from the complete data set. Data were 
corrected for systematic errors using SADABS based on the Laue symmetry using 
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equivalent reflections.35 Funding from the National Science Foundation (MRI, 
CHE-0420497) for the purchase of the ApexII diffractometer is acknowledged. 
 
Scheme 3.1 Synthesis of the dinuclear Pd and Pt complexes. 
 
 
3.3 Results and Discussion 
3.3.1  X-ray Crystal Structures 
The two metal-acetonitrile complexes [(N2S2)PdII(MeCN)]2(OTf)4 (1) and [(N2S2)PtII- 
(MeCN)]2(OTf)4 (2) were synthesized through the reaction of 2 equiv. AgOTf (OTf– = 
CF3SO3–) with the corresponding (N2S2)MIICl2 precursors (M = Pd, Pt, Scheme 3.1).20, 21 
The single crystal X-ray structures of both 1 and 2 reveal dinuclear complexes of C2h 
symmetry in which each metal center interacts with one N2S2 ligand and one MeCN 
molecule (Figure 3.1 and Appendix D). In contrast to the symmetric conformation of N2S2 
in other Pd and Pt complexes,20 N2S2 adopts an unprecedented asymmetric coordination 
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mode in 1 and 2: the S atoms and one pyridine N atom bind to the metal center in the 
equatorial plane, while the second pyridine binds weakly in the axial position. In addition, 
the pyridine ring is tilted vs the M–N2(py) bond at an angle of 58.1° for 1 and 61.7° for 2 
(Figure 3.1), and the centroid-centroid interplanar distances between the two pyridine rings 
of one N2S2 ligand are 3.517 Å for 1 and 3.503 Å for 2, suggesting a significant 
intramolecular π-π interaction that likely favors the observed ligand conformation.36 
Interestingly, the distorted octahedral geometry of the Pd and Pt centers is completed by a 
metal-metal interaction. The Pd(II)···Pd(II) distance of 3.066 Å in 1 and the Pt(II)···Pt(II) 
distance of 3.077 Å in 2 are significantly less than the sum of the van der Waals radii for Pd 
(3.26 Å) and Pt (3.50 Å), respectively,37 consistent with the previously reported d8-d8 
interactions ranging from 2.55 to 3.35 Å.5-18 Notably, complexes 1 and 2 represent to the 
best of our knowledge the first example of d8-d8 interactions between two dicationic metal 
fragments. However, the Pd···Pd distance in 1 is similar to those in some other Pd dinuclear 
complexes containing neutral metal centers,12-14, 17, 18 suggesting that the metal-metal 
interaction overcomes the coulombic repulsion between two dicationic metal centers. 
Moreover, the d8-d8 interactions in 1 (and 2) are not supported by any bridging ligand, in 
contrast to almost all other dinuclear Pd(II) complexes38, 39 in which the metal-metal 
interactions are stabilized by either bridging ligands11, 13-18 or dinucleating ligands.17 
Overall, both the presence of d8-d8 interactions between two dicationic metal centers and 
the absence of a bridging ligand in 1 and 2 strongly suggest the presence of a significant 
metal-metal bonding character (vide infra). 
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Figure 3.1 X-ray crystal structures of 1, 2, and 3 with 50% thermal ellipsoids. Selected 
bond distances (Å), 1: Pd1–S1 2.3275(5), Pd1–S2 2.3230(5), Pd1–N1 2.000(1), Pd1–N2 
2.505(2), Pd1–N3 2.015(2), Pd1···Pd1’ 3.0657(3); 2: Pt1–S1 2.316(1), Pt1–S2 2.319(1), 
Pt1–N1 2.005(3), Pt1–N2 2.584(3), Pt1–N3 1.995(3), Pt1···Pt1’ 3.0768(3); 3: Pd1–S1 
2.3447(3), Pd1–S2 2.3370(2), Pd1–N1 2.1049(6), Pd1–N2 2.5739(7), Pd1–C1 2.0389(8), 
Pd1···Pd1’ 3.1132(2). 
 
Meanwhile, when the (N2S2)PdIIMeCl complex is reacted with 1 equiv. AgOTf, the 
isolated product is a dinuclear Pd complex [(N2S2)PdIIMe]2(OTf)2 (3) that exhibits a 
solid-state structure and Pd–Pd interaction similar to 1 (Figure 3.1). The slightly longer 
Pd···Pd distance in 3 vs 1 may be due to the steric clash between the methyl H atoms and 
the pyridine N atom from the two Pd centers. For 3, the axial pyridine ring is tilted at an 
angle of 57.1° vs the M-N2(py) bond and the centroid-centroid interplanar distance 
between the two pyridine rings of one N2S2 ligand is 3.498 Å, suggesting a significant 
intramolecular π-π interaction, similar to 1 and 2. However, in the extended crystal lattice 
structure of 3, no intermolecular π-π stacking interaction was observed, while for 1 and 2, 
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the shortest intermolecular pyridine ring centroid-centroid interplanar distances are 4.054 Å 
and 4.170 Å, respectively, suggesting a very weak, negligible π-π stacking interaction.  
 
3.3.2 DFT Calculations 
The formation of an unsupported d8-d8 metal-metal interaction between two dicationic 
metal fragments is unique. In general, such d8-d8 weakly bonding interactions have been 
explained by the symmetry allowed mixing of the metal (n + 1) pz and s orbitals into the dz2 
orbitals of the two interacting metals,5, 16 the extent of orbital mixing being greater for Pt(II) 
than Pd(II).18 The metal-metal interactions in 1 and 2 were investigated through DFT 
calculations that reveal the typical dz2 σ* metal-metal antibonding and σ bonding HOMOs 
for both 1 and 2,5, 16 while the LUMOs are dx2-y2 metal-ligand antibonding orbitals that can 
be involved in a weak δ-type metal-metal bonding interaction (Figure 3.2 and Appendix 
C).16, 18 Such LUMOs with weakly δ metal-metal interactions have been also reported for 
Pt dinuclear complexes with significant metal-metal bonding character.40-42 In addition, the 
calculated (n + 1) pz contribution to the molecular orbitals of 1 and 2 are similar for both Pd 
and Pt complexes and comparable to those in other Pd dimers,16, 18 providing further 
evidence for the metal-metal bonding character (Figure 3.2 and Appendix C). We propose 
that the enhanced metal-metal bonding in 1 and 2 is due to the more covalent metal-S 
interactions, which lead to: (a) a higher energy of the metal-based antibonding orbitals, 
which in turn can mix to a greater extent with the (n + 1) metal pz and s orbitals, and (b) an 
increased energy of the δ metal-metal bonding orbital that becomes the LUMO. The 
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calculated Pd–Pd bond order of 0.19 for 1 and Pt–Pt bond order of 0.24 for 2 provide 
additional support for this hypothesis.16 Based on the classification by Hazari, Doyle, et 
al.,18 both 1 and 2 belong to class (ii) of d8-d8 dinuclear complexes, as the excitation of an 
electron into the LUMO leads to an increase in the metal-metal bond order of 0.5. 
Moreover, the unique interactions of the metal centers with the axial pyridine rings in 1 and 
2 are proposed to further enhance the metal-metal interactions by raising the energy of the 
metal dz2 orbitals.  
 
HOMO-3 
14% 4dz2 
8% 5pz 
HOMO-3 
14% 4dz2 
9% 5pz 
HOMO 
42% 4dz2 
1% 5s 
 
HOMO 
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2% 5s 
LUMO 
42% 4dx2-y2 
2% 5s 
1% 5p  
LUMO 
26% 4dx2-y2 
6% 5s 
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1  2 
Figure 3.2 Selected molecular orbitals of 1 and 2, with percentage contribution from Pd 
and Pt atomic orbitals (balance from ligand-based orbitals). 
 
3.3.3 UV-vis Spectra 
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The UV-vis absorption spectra of 1, 2, and 3 were recorded in both the solid state and in 
solution (Table 3.1). The solid state spectra reveal low energy transitions at 425, 567, and 
683 nm for 1, 465, 545, and 675 nm for 2, and 545 and 688 nm for 3 (Figure 3.3). Based on 
time-dependent DFT calculations and previous studies,40-42 we tentatively assign the bands 
in 1 to σ*[dz2(Pd2)] → π*[(ligand)], σ*[dz2(Pd2)] → δ[dx2-y2(Pd2)] / σ*(Pd–S), and 
σ[dz2(Pd2)] → δ*[dx2-y2(Pd2)] / σ*(Pd–S) metal-metal to ligand charge transfer (MMLCT) 
transitions, respectively (Table 3.2 and Figure 3.4); similar band assignments are proposed 
for 2 (Table 3.3 and Figure 3.5).16 Upon dissolution of all three complexes, their UV-vis 
spectra reveal the disappearance of the low-energy transitions (Table 3.1), likely due to the 
dissociation of the dinuclear species, which may still exist in small amount in solution and 
give rise to the observed visible bands at >450 nm. Interestingly, the absorption bands of 1, 
2, and 3 occur at lower energies than those of other Pd(II)-Pd(II) complexes and thus are 
not overlapping with ligand-based transitions.16, 17  
 
Table 3.1 UV-vis absorption data for 1, 2, and 3. 
Compound λmax, nma λmax, nm (ε, M-1 cm-1)b 
1 425, 567, 683 244 (28000), 342 (8100), 515 (800) 
2 465, 546, 675 260 (22000), 356 (3000), 404 (1300) 
3 545, 688 289 (4600), 346 (1400) 
a In the solid state. b In MeCN. 
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Figure 3.3 Solid-state UV-vis spectra of 1, 2, and 3: a) experimental; and Gaussian fits of 
b) 1, c) 2, and d) 3. 
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Table 3.2 TD-DFT calculated absorption bands and their composition for 1.a  
Wavelength 
(nm) 
Oscillator 
strength 
Major contributing transitions 
814.8 0.008 HOMO ? LUMO (92%), HOMO-3 ? LUMO+1 (5%) 
446.7 0.013 HOMO-1 ? LUMO+1 (92%), HOMO ? LUMO (5%) 
413.0 0.111 HOMO ? LUMO+2 (100%) 
370.5 0.059 HOMO-6 ? LUMO+1 (67%), HOMO-7 ? LUMO (18%) 
319.8 0.098 HOMO ? LUMO+4 (93%) 
a Only the transitions with oscillator strengths greater than 0.005 are shown; the major 
contributing transitions have more than 5% contribution to the absorption band. 
 
 
Figure 3.4 TD-DFT calculated UV-vis spectrum of 1. 
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Table 3.3 TD-DFT calculated absorption bands and their composition for 2.a  
Wavelength 
(nm) 
Oscillator 
strength 
Major contributing transitions 
637.5 0.047 HOMO ? LUMO (82%), HOMO ? LUMO+2 (14%) 
504.7 0.094 HOMO ? LUMO+2 (82%), HOMO ? LUMO (16%) 
373.2 0.133 HOMO ? LUMO+4 (100%) 
339.1 0.035 HOMO-3 ? LUMO (100%) 
307.4 0.042 
HOMO-4 ? LUMO+1 (56%), HOMO-7 ? LUMO (21%), 
HOMO-1 ? LUMO+1 (8%) 
a Only the transitions with oscillator strengths greater than 0.005 are shown; the major 
contributing transitions have more than 5% contribution to the absorption band. 
 
 
Figure 3.5 TD-DFT calculated UV-vis spectrum of 2. 
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3.3.4 Variable Temperature 1H NMR Measurements 
Variable temperature (VT) 1H NMR measurements in CD3CN reveal that 1–3 exhibit a 
symmetric structure at room temperature due to fast ligand rearrangement,43 suggesting the 
formation of a monomeric Pd species in solution.44 The calculated energy (ΔE = -19 
kcal/mol) for the dissociation reaction of 1 into solvated mononuclear species in MeCN 
provides support for the proposed reaction. No change in the NMR spectrum of 1 was 
observed at lower temperatures (Figure 3.6 and Scheme 3.2), while for 2 and 3 a 
coalescence of the signals is observed at ~ -40 ºC, suggesting an asymmetric coordination 
mode (Figure 3.7–3.8 and Scheme 3.3–3.4). The observed difference between 1 and 2 is 
likely due to the increased lability of Pd vs Pt,43 while between 1 and 3, the difference 
could be due to different ligand rearrangement rates at low temperature. However, ESI-MS 
studies reveal the presence of dinuclear species in solution for all three complexes, 
suggesting that the metal-metal interactions can persist to some extent in coordinating 
solvents such as MeCN (Figure 3.9–3.10). Unfortunately, the tetracationic complexes 1 and 
2 are not soluble in noncoordinating solvents such as CH2Cl2 and CHCl3, while their 
solubility in MeCN may be due to complex dissociation. 
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Figure 3.6 1H VT NMR of 1 in CD3CN. The spectrum of 1 in acetone-d6 exhibits a 
similar behavior, although the NMR spectrum is complicated by the formation of more than 
one Pd-solvento complex. 
 
Scheme 3.2 Proposed fast ligand rearrangement for 1. 
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Figure 3.7 1H VT NMR of 2 in acetone-d6. 
 
Scheme 3.3 Proposed fast ligand rearrangement occurring at room temperature for 2. 
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Figure 3.8 1H VT NMR of 3 in acetone-d6. The small peaks around 6 ppm and 2.6 ppm 
are due to the [(N2S2)PdIVMe2]2+ species, which is an oxidation byproduct from the 
synthesis of 3. 
 
Scheme 3.4 Proposed fast ligand rearrangement for 3. 
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Figure 3.9 a) ESI-MS of the MeCN solution of 1. Inset: the enlarged peak at 1208.7983, 
calculated for {[(N2S2)PdII]2(OTf)3}+, 1208.7829. b) The simulation of the enlarged peak.  
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Figure 3.10 a) ESI-MS of the MeCN solution of 2. Inset: the enlarged peak at 1275.9840, 
calculated for {[(N2S2)PtII(MeCN)PtII(N2S2)](OTf)2 – H+}+: 1275.9698. b) The simulation 
of the enlarged peak. 
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3.3.5 Reactivity Studies of Pd(II)-Me Dinuclear Complex 
In light of our interest in the chemistry of high-valent Pd systems,45, 46 we began to 
investigate the oxidative reactivity of organometallic (N2S2)Pd complexes. Oxidation of 3 
with 2 equiv. ferrocenium hexafluorophosphate (Fc+) in acetone-d6 at 25 °C leads to 
formation of a surprisingly stable Pd(IV) species [(N2S2)PdIVMe2]2+ in 44 % yield and an 
equivalent amount of a [(N2S2)PdII]2+ species (Table 3.4 and Figure 3.11). The identity of 
[(N2S2)PdIVMe2]2+ was confirmed by independent synthesis (Chapter 4) and ESI-MS 
results of the reaction solution (m/z found 205.0063, calculated for [(N2S2)PdIVMe2]2+: 
205.0051). The [(N2S2)PdII]2+ species is most likely an acetone adduct, as its NMR 
chemical shifts are similar to those for 1 dissolved in acetone-d6.  
 
Table 3.4 Yieldsa of products from the reaction of 3 with 2 equiv Fc+ in acetone-d6. 
Reaction Time [(N2S2)PdIVMe2]2+ 
[(N2S2)PdII]2+ 
species 
Unreacted 3 
5 min 21% 24% 55% 
1 h 32% 39% 29% 
3 h 36% 41% 22% 
8 h 40% 43% 17% 
23 h 44% (46%b) 41% 15% (13%b) 
a Reported yields are relative yields (unless specified). bAbsolute yield vs. dioxane as 
internal standard.  
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Figure 3.11 1H NMR spectra of 3 reacted with 2 equiv Fc+ in acetone-d6 at different time 
points. 
 
Since it is well established that oxidation of d8-d8 complexes forms d7-d7 systems with 
enhanced metal-metal bonding,6,47 we propose that oxidation of 3 generates a Pd(III)-Pd(III) 
species with a shorter Pd–Pd bond that promotes the observed methyl group transfer and 
disproportionation reaction (Scheme 3.5).48, 49 Similar yields were obtained in CD3CN, 
although the reaction was slightly slower and the NMR of the reaction mixture was difficult 
to integrate accurately, likely due to formation of asymmetric Pd-solvento complexes. This 
provides evidence that 3 dissociates in MeCN and the dinuclear structure is needed for an 
efficient methyl group transfer. 
PdIV 
3 PdIV 3 PdIV-Me 
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Scheme 3.5 Reaction of 3 with 2 equiv Fc+ in acetone-d6. 
 
 
3.4 Conclusion 
In summary, the Pd(II) and Pt(II) complexes described herein display unique d8-d8 
interactions between dicationic metal fragments that are not supported by any bridging 
ligands, strongly suggesting the existence of a significant metal-metal bonding character. 
These d8-d8 bonding interactions are likely further enhanced by the presence of more 
covalent metal–S interactions and the presence of axial pyridine ligands. A detailed 
photophysical characterization of these dinuclear complexes will provide insight into their 
electronic properties, especially for the less common Pd–Pd dinuclear complexes. In 
addition, preliminary reactivity studies suggest that such metal-metal interactions may be 
involved in methyl group transfer reactions. The future research efforts are aimed at 
probing the role of such interactions in other organometallic reactions.  
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Chapter 4 
 
Oxidative Reactivity of  
(N2S2)PdRX Complexes  
(R = Me, Cl; X = Me, Cl, Br)*  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Reproduced in part with permission from Organometallics, 2013, 32, 3343-3353. 
Copyright 2013 American Chemical Society 
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4.1  Introduction 
Pd-catalyzed transformations are being extensively utilized in C–C and C–heteroatom bond 
formation reactions,1-3 as key steps in target-oriented syntheses to afford complex natural 
products, functional advanced materials, pharmaceuticals, and other high-value chemicals.4 
While the common Pd oxidation states involved in these catalytic cycles are Pd(0) and 
Pd(II),5-8 Pd(III) and Pd(IV) species are also proposed as reactive intermediates,2-4, 9-12 yet 
they are less commonly isolated and characterized.13-21  
 
Our group have recently reported a series of mononuclear organometallic Pd(III) 
complexes stabilized by tetradentate RN4 ligands (RN4 = N,N’-di-alkyl-2,11-diaza[3.3]- 
(2,6)pyridinophane, R = tBu, iPr, Me),22, 23 and studied their aerobic oxidation and 
C-C/C-heteroatom bond formation reactivity.24, 25 In addition, we have shown that the 
tridentate ligand, N’,N’’-trimethyltriazacyclononane (Me3tacn) can stabilize 
halogen-bridged dinuclear Pd(III) complexes that are active catalysts for the Kharasch 
radical addition.26 These results suggest that Pd(III) complexes are more common than 
previously anticipated and thus it prompted us to synthesize and characterize Pd(III) 
species supported by various ligand systems. In this regard, we have employed a N- and 
S-donor tetradentate ligand N2S2 (N2S2 = 2,11-dithia[3.3](2,6)pyridinophane) and 
investigated the oxidatively-induced methyl group transfer reactivity of the dinuclear 
species [(N2S2)PdIIMe]2(OTf)2 (5).27  
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Reported herein are the synthesis, characterization, and reactivity studies of a series of 
organometallic (N2S2)PdRX complexes (R = Me, Cl; X = Me, Cl, Br) that can promote 
C–C or C–Cl/Br bond formation reactions. These reactions involve both Pd(III) and Pd(IV) 
intermediates, as suggested by spectroscopic, electrochemical, and mechanistic studies. 
 
4.2 Experimental Section 
4.2.1 Ligand and Complexes Syntheses 
Reagents and materials. All manipulations were carried out under a nitrogen atmosphere 
using standard Schlenk and glove box techniques if not indicated otherwise. All chemicals 
were commercially available from Aldrich, Fisher or Strem Chemicals and were used as 
received without further purification. 2,11-dithia[3.3](2,6)pyridinophane (N2S2),28-30 
acetyl- ferrocenium tetrafluoroborate ([AcFc+]BF4),31 (COD)PdIIMe2,32 (COD)PdII(CD3)2,24 
(COD)PdIIMeCl,33 (N2S2)PdIICl2 (4),29 and [(N2S2)PdIIMe]2(OTf)2 (5)27 were prepared 
according to the literature procedures. Solvents were purified prior to use by passing 
through a column of activated alumina using an MBraun solvent purification system. Based 
on their redox potential,31 ferrocenium hexafluorophosphate ([Fc+]PF6), acetylferrocenium 
tetrafluoroborate ([AcFc+]BF4) and nitrosonium tetrafluoroborate ([NO+]BF4) were used as 
chemical oxidants for the oxidation of 1, 2/3, and 4, respectively, while cobaltocene 
(CoIICp2) was used as a reducing agent for the reduction of 12+. 
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(N2S2)PdIIMe2, 1. (COD)PdIIMe2 was freshly made,32 and used immediately after 
preparation. Solid samples of (COD)PdIIMe2 (100 mg, 0.41 mmol) and N2S2 (112 mg, 0.41 
mmol) were combined in 150 mL of anhydrous diethyl ether and the reaction mixture was 
stirred at 0 °C for 3 hours and then at 20 °C for 0.5 hours. The white precipitate of 
(N2S2)PdIIMe2 was vacuum filtered and washed with diethyl ether and pentane to give 
fraction 1 of 111.9 mg. The filtrate was rotary evaporated at 0 °C to give a pale yellow solid 
which was suspended in 5 mL of anhydrous diethyl ether, vacuum filtered and washed with 
ether and pentane to give fraction 2 of 38.8 mg. Total yield: 150.7 mg, 90%. 1H NMR 
(acetone-d6, 300 MHz), δ (ppm): -0.027 (s, 6H, Me), 4.20 (d, J = 14.1 Hz, 4H, CH2), 6.05 
(d, J = 13.8 Hz, 4H, CH2), 7.24 (d, J = 7.8 Hz, 4H, Py Hmeta), 7.65 (t, J = 7.8 Hz, 2H, Py 
Hpara). UV-vis (acetone; λ, nm (ε, M-1 cm-1)): 361 (sh, 800). Elemental analysis: found, C 
46.57, H 5.62, N 6.76%; calculated C16H20N2PdS2, C 46.77, H 4.91, N 6.82%. ESI-MS 
(m/z): 394.9891, calculated for [(N2S2)PdIIMe]+: 394.9868. 
 
(N2S2)PdII(CD3)2, 1-d6. (COD)PdII(CD3)2 was freshly made,24 and used immediately after 
preparation. Solid samples of (COD)PdII(CD3)2 (39.5 mg, 0.157 mmol) and N2S2 (43.0 mg, 
0.157 mmol) were combined in 20 mL of anhydrous diethyl ether and the reaction mixture 
was stirred at 0 °C for 3 hours and then at 20 °C for 0.5 hours. The white precipitate of 
(N2S2)PdII(CD3)2 was vacuum filtered and washed with diethyl ether and pentane to give 
fraction 1 of 24.0 mg. The filtrate was rotary evaporated at 0 °C to give a pale yellow solid 
which was suspended in 2 mL of anhydrous diethyl ether, vacuum filtered and washed with 
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ether and pentane to give fraction 2 of 23.1 mg. Yield: 47.1 mg, 72%. 1H NMR spectrum of 
the product is identical to that of 1 except for the missing singlet of the PdMe group at 
-0.027 ppm. ESI-MS (m/z): 398.0081, calculated for [(N2S2)Pd(CD3)]+: 398.0056. 
 
(N2S2)PdII(13CH3)2, 1-13C. (COD)PdII(13CH3)2 was prepared by following the same 
procedure as preparation of (COD)PdIIMe2,32 except using 13CH3I instead of MeI. Freshly 
made (COD)PdII(13CH3)2 (104.1 mg, 0.423 mmol) and N2S2 (116.1 mg, 0.423 mmol) were 
combined in 100 mL of anhydrous diethyl ether and the reaction mixture was stirred at 0 °C 
for 3 hours and then at 20 °C for 0.5 hours. The white precipitate of (N2S2)PdII(13CH3)2 
was vacuum filtered and washed with diethyl ether and pentane to give fraction 1 of 87.0 
mg. The filtrate was rotary evaporated at 0 °C to give a pale yellow solid which was 
suspended in 5 mL of anhydrous diethyl ether, vacuum filtered and washed with ether and 
pentane to give fraction 2 of 35.0 mg. Yield: 122 mg, 70%. 1H NMR (acetone-d6, 300 
MHz), δ (ppm): -0.028 (d, 6H, 13CH3, J (13C-1H) = 127.2 Hz), 4.20 (d, J = 14.1 Hz, 4H, 
CH2), 6.05 (d, J = 13.8 Hz, 4H, CH2), 7.25 (d, J = 7.5 Hz, 4H, Py Hmeta), 7.65 (t, J = 7.5 Hz, 
2H, Py Hpara). ESI-MS (m/z): 395.9913, calculated for [(N2S2)Pd(13CH3)]+: 395.9902. 
 
[(N2S2)PdIVMe2](PF6)2, [12+](PF6)2. A suspension of 1 (20.0 mg, 48.9 μmol) in anhydrous 
acetone (3 mL) was added dropwise to a stirring solution of 2 eq. FcPF6 (32.4 mg, 97.8 
mmol) in anhydrous acetone (3 mL). After 1 h, the solution was set up for crystallization by 
diethyl ether diffusion. Light brown crystals formed after 1 day. Yield: 23.1 mg, 67%. 1H 
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NMR (acetone-d6, 300 MHz), δ (ppm): 2.61 (s, 6H, Me), 5.67 (d, J = 18 Hz, 4H, CH2), 
5.97 (d, J = 18 Hz, 4H, CH2), 7.80 (d, J = 7.5 Hz, 4H, Py Hmeta), 8.11 (t, J = 7.5 Hz, 2H, Py 
Hpara). UV-vis (MeCN; λ, nm (ε, M-1 cm-1)): 318 (4000). Elemental analysis: found, C 
30.21, H 3.37, N 3.74%; calculated C16H20N2PdS2P2F12·CH3COCH3, C 30.07, H 3.45, N 
3.69%. ESI-MS (m/z): 205.0063, calculated for [(N2S2)PdIVMe2]2+ , 205.0051. 
 
(N2S2)PdIIMeCl, 2. N2S2 (85.0 mg, 0.310 mmol) and (COD)PdIIMeCl33 (82.4 mg, 0.310 
mmol) were stirred in 50 mL of anhydrous diethyl ether for 1 day. The yellow precipitate 
was filtered off, washed with 10~20 mL of anhydrous diethyl ether, 2~3 mL of pentane, 
and dried under vacuum. Yield: 105 mg, 79%. UV-vis (CH2Cl2; λ, nm (ε, M-1 cm-1)): 390 
(sh, 700), 330 (sh, 1900). 1H NMR (CDCl3, 300 MHz), δ (ppm): 0.79 (s, 3H, PdMe), 4.13 
(d, J = 14 Hz, 2H, CH2), 4.23 (d, J = 14 Hz, 2H, CH2), 5.99 (d, J = 14 Hz, 2H, CH2), 6.21 
(d, J = 14 Hz, 2H, CH2), 7.05 (d, J = 7 Hz, 2H, Py Hmeta), 7.16 (d, J = 7 Hz, 2H, Py Hmeta), 
7.51 (t, J = 7 Hz,1 H, Py Hpara), 7.60 (t, J = 7 Hz, 1H, Py Hpara). Elemental analysis: found, 
C 40.61, H 3.85, N 6.11%; calculated C15H17ClN2PdS2·0.5H2O, C 40.92, H 4.12, N 6.36%. 
ESI-MS (m/z): 394.9897, calculated for [(N2S2)PdIIMe]+: 394.9868; 414.9341, calculated 
for [(N2S2)PdIICl]+: 414.9322. 
 
(N2S2)PdIIMeBr, 3. Acetyl bromide (5.9 μL, 78.0 μmol) was added to a solution of 1 
(31.9 mg, 78.0 μmol) in 3 mL anhydrous CH2Cl2. The reaction mixture was stirred at RT 
for 6 hours. The resulting pale yellow precipitate was filtered off, washed with 2 mL ether, 
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2 mL pentane, and dried under vacuum. Recrystallization was performed in CH2Cl2 
solution by diethyl ether diffusion. Yellow-orange crystals formed after 1 ~ 2 days at room 
temperature. Yield: 21.4 mg, 58%. 1H NMR (acetone-d6, 300 MHz), δ (ppm): 0.64 (s, 3H, 
PdMe), 4.28 (d, J = 15 Hz, 2H, CH2), 4.49 (d, J = 14 Hz, 2H, CH2), 5.87 (d, J = 14 Hz, 2H, 
CH2), 6.14 (d, J = 14 Hz, 2H, CH2), 7.28 (d, J = 7 Hz, 2H, Py Hmeta), 7.44 (d, J = 7 Hz, 2H, 
Py Hmeta), 7.69 (t, J = 7 Hz, 1H, Py Hpara), 7.81 (t, J = 7 Hz, 1H, Py Hpara). UV-vis (MeCN: 
λ, nm (ε, M-1 cm-1)): 368 (sh, 980). ESI-MS (m/z): 394.9891, calculated for 
[(N2S2)PdIIMe]+: 394.9868; 460.8806, calculated for [(N2S2)PdIIBr]+: 460.8821. The side 
product of (N2S2)PdIIBrCl co-crystallized out with 3, based on the analysis of the 1H NMR 
(10-20%) and X-ray crystal structure (25%), cannot be further purified away. Due to the 
similarity of (N2S2)PdIIBrCl to (N2S2)PdIICl2, which has much higher oxidation potential 
of Pd(II/III) than 3, the (N2S2)PdIIBrCl will not be oxidized under the oxidation conditions 
of using AcFc+ as the oxidant, thus, will not affect the mechanism of the oxidative 
reactivity studies of 3.  
 
(N2S2)PdII(13CH3)Br, 3-13C. Acetyl bromide (5.2 μL, 70.0 μmol) was added to a solution 
of 1-13C (28.8 mg, 70.0 μmol) in 3 mL anhydrous CH2Cl2. The resulting pale yellow 
precipitate was filtered off, washed with 2 mL ether, 2 mL pentane, and dried under 
vacuum. Recrystallization was performed in CH2Cl2 solution by diethyl ether diffusion. 
Yellow-orange crystals formed after 1 ~ 2 days at room temperature. Yield: 20.9 mg, 
63%.1H NMR (acetone-d6, 300 MHz), δ (ppm): 0.64 (d, 3H, 13CH3, J (13C-1H) = 134.4 Hz), 
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4.28 (d, J = 15 Hz, 2H, CH2), 4.49 (d, J = 14 Hz, 2H, CH2), 5.87 (d, J = 14 Hz, 2H, CH2), 
6.14 (d, J = 14 Hz, 2H, CH2), 7.28 (d, J = 7 Hz, 2H, Py Hmeta), 7.44 (d, J = 7 Hz, 2H, Py 
Hmeta), 7.69 (t, J = 7 Hz, 1H, Py Hpara), 7.81 (t, J = 7 Hz, 1H, Py Hpara). ESI-MS (m/z): 
395.9914, calculated for [(N2S2)Pd(13CH3)]+: 395.9902; 460.8815, calculated for 
[(N2S2)PdIIBr]+: 460.8821. 
 
[(N2S2)PdIICl](OTf), 6. A solution of AgOTf (17.6 mg, 68.4 μmol) in MeCN (1 mL) was 
added to a stirred solution of 4 (30.9 mg, 68.4 μmol) in MeCN (10 mL). A white precipitate 
of AgCl appears immediately, and the color of the solution changes from yellow to brown. 
After stirring at RT for 2 h in the dark, the solvent was removed by rotary evaporation. The 
solid residue was re-dissolved in a minimum amount of MeCN, and the resulting brown 
solution was filtered through Celite. A clear dark red filtrate was set to crystallize by 
anhydrous diethyl ether vapor diffusion at RT. Dark-red crystals formed after several days. 
Yield: 18.0 mg, 47%. 1H NMR (CD3CN, 300 MHz), δ (ppm): 4.38 (d, J = 16.2 Hz, 4H, 
CH2), 4.93 (d, J = 16.5 Hz, 4H, CH2), 7.14 (d, J = 7.8 Hz, 4H, Py Hmeta), 7.50 (t, J = 7.8 Hz, 
2H, Py Hpara). UV-vis (MeCN; λ, nm (ε, M-1 cm-1)): 422 (2500), 341 (4100). Elemental 
analysis: found, C 31.95, H 2.75, N 4.98%; calculated C15H14ClF3N2O3PdS3, C 31.87, H 
2.50, N 4.96%. ESI-MS (m/z): 414.9335, calculated for [(N2S2)PdIICl]+: 414.9322. 
 
4.2.2 Physical Measurements  
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General. 1H (300.121 MHz) NMR spectra were recorded on a Varian Mercury-300 
spectrometer. Low temperature (-20 °C) 1H (600 MHz) NMR spectra were recorded on a 
Varian Unity Inova-600 spectrometer. Chemical shifts are reported in ppm and referenced 
to residual solvent resonance peaks. Abbreviations for the multiplicity of NMR signals are 
s (singlet), d (doublet), t (triplet), q (quartet), sep (septet), m (multiplet), br (broad). UV-vis 
spectra were recorded on a Varian Cary 50 Bio spectrophotometer. EPR spectra were 
recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in MeCN : PrCN (v : v = 
1 : 3) at 77 K. Simulation of EPR spectra were performed using WinEPR SimFonia v. 1.25. 
Elemental analyses were carried out by the Columbia Analytical Services Tucson 
Laboratory. ESI-MS experiments were performed on a Bruker Maxis QTOF mass 
spectrometer with an electron spray ionization source. ESI mass-spectrometry was 
provided by Washington University Mass Spectrometry Resource, a NIH Research 
Resource (Grant No. P41RR0954). 
 
Electrochemical Measurements. Electrochemical grade Bu4NClO4 or Bu4NBF4 from 
Aldrich was used as the supporting electrolyte. Cyclic voltammetry was performed with a 
BASi EC Epsilon electrochemical workstation or a CHI 660D Electrochemical Analyzer. 
Electrochemical measurements were carried out under a flow of nitrogen, and the analyzed 
solutions were deaerated by purging with nitrogen. A glassy carbon electrode (GCE, d = 1 
mm) was used as the working electrode, while a Pt wire was used as the auxiliary electrode. 
The non-aqueous reference electrode containing Ag/0.01 M AgNO3 in 0.1 M 
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Bu4NClO4/MeCN was calibrated against Fc; the potential of the Fc+/Fc couple vs. Ag/0.01 
M AgNO3/0.1 M Bu4NClO4/MeCN reference electrode is +0.105 V. 
 
EPR Studies of the Formation of Pd(III) Intermediates. An EPR tube was charged with 
a solution of Pd complex in MeCN : PrCN (v : v = 1 : 3) and immersed into liquid nitrogen. 
Another solution containing 1 equiv of chemical oxidant or reductant in the same solvent 
mixture was quickly added and frozen as a second layer in the EPR tube. An initial EPR 
spectrum was taken at 77 K. The sample was then carefully warmed up for 10-30 s to allow 
the two layers to mix, quickly refrozen, and the EPR spectrum was recorded. The warming 
up step was repeated if necessary.  
 
ESI-MS Studies of the Formation of Pd(III) Intermediates. All solutions were 
pre-cooled to -40 ºC. To a solution of Pd complex in 1 mL MeCN, a solution of 1 equiv 
chemical oxidant was added at -40 ºC. The mixture was thoroughly mixed and diluted to 
the required concentration for ESI-MS, followed by immediate injection into the 
instrument.  
 
UV-vis Study of the Formation of the [(N2S2)PdIIICl2]+ (4+) Complex. A 3 mL solution 
of 4 (0.74 mM) in MeCN was mixed with an MeCN solution of 1 equiv NOBF4 in a quartz 
cuvette (10 mm pathlength) equipped with a septum-sealed cap. UV-vis spectra were 
recorded immediately after thoroughly mixing. However, the attempted isolation of 4+ to 
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the formation of a product mixture including the sulfoxide complex (N2S2-O)PdIICl2 (7), 
characterized by 1H NMR (CD3CN, 300 MHz), δ (ppm): 4.49 (d, J = 15,0 Hz, 2H, CH2), 
5.05 (d, J = 14.1 Hz, 2H, CH2), 6.27 (d, J = 15.0 Hz, 2H, CH2), 6.48 (d, J = 14.1 Hz, 2H, 
CH2), 7.15 (d, J = 7.5 Hz, 2H, Py Hmeta), 7.41 (d, J = 7.5 Hz, 2H, Py Hmeta), 7.74 (t, J = 7.8 
Hz, 2H, Py Hpara). 
 
Low-temperature Controlled Potential Electrolysis (CPE) of 4 and in situ Cyclic 
Voltammetry (CV). Low-temperature (-40 ºC) electrochemical oxidation was performed 
in a two-compartment H-shaped bulk electrolysis cell with a medium-frit glass junction, 
and equipped with two septa and a magnetic stirring bar. Reticulated vitreous carbon was 
used as the working electrode for electrolysis, while a platinum wire was used as working 
electrode for CV. A platinum gauze (25 mm × 10 mm) and a Ag/AgCl wire were used as 
the auxiliary electrode and the pseudo reference electrode, respectively. Electrochemical 
oxidation was performed at a constant potential at -40 ºC under a blanket of nitrogen, and 
CVs were recorded before and after electrolysis.  
 
General Procedure for NMR Studies of Reactivity of Pd Complexes upon Chemical 
Oxidation or Reduction. An NMR tube capped with a rubber septum was charged with a 
solution of Pd complex in 1.0 mL acetone-d6. A solution of 1 equiv chemical oxidant or 
reductant in 1.4 mL of acetone-d6 was added in portions with a microsyringe and the 
mixture was thoroughly mixed after each addition. The yield of products was determined 
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by NMR integration using dioxane as an internal standard, calculated as [moles of product] 
/ [moles of starting complex] × 100%, and reported as the average of two runs. Pd products 
were assigned based on the comparison of the 1H NMR spectra to those of independently 
synthesized complexes. For crossover experiments, a 1 : 1 mixture of non-labeled and 
labeled complexes was used. 
 
4.2.3 Computational Studies 
The density functional theory (DFT) calculations were performed with the program 
package Gaussian 09.34 The B3LYP functional35, 36 along with the Stevens CEP-31G(d) 
valence basis sets and effective core potentials were employed.37, 38 The CEP-31G(d) 
valence basis set is valence triple-ζ for palladium and double-ζ for main group elements, 
with an additional d polarization function for Cl. This functional / basis set combination has 
been shown previously to reproduce well experimental parameters of Pd complexes.39, 40 
Single point calculations were performed on the geometry optimized coordinates of the 
cations of 1+ and 4+ with the N2S2 ligand adopting a κ4 conformation. The ground state 
wavefunctions were investigated by analysis of the frontier MOs, and the atomic 
contributions to MO’s were calculated using the program Chemissian.41 TD-DFT 
calculations were employed to obtain the predicted absorption bands and their major 
contribution transitions. The calculated UV-vis spectrum was generated using GaussSum,42 
with a full width at half maximum (FWHM) value of 3,000 cm-1. 
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4.2.4 X-ray Diffraction Studies 
Crystals of X-ray diffraction quality of 1, [12+](PF6)2, and 6 were obtained by anhydrous 
diethyl ether vapor diffusion into a CH2Cl2 solution for 1, an acetone solution for 12+(PF6)2, 
and a MeCN solution for 6, respectively. Preliminary examination and data collection were 
performed using a Bruker Kappa Apex-II Charge Coupled Device (CCD) Detector system 
single crystal X-Ray diffractometer equipped with an Oxford Cryostream LT device. Data 
were collected using graphite monochromated Mo Kα radiation (λ= 0.71073 Å) from a 
fine focus sealed tube X-Ray source. Apex II and SAINT software packages43 were used 
for data collection and data integration. Data were corrected for systematic errors using 
SADABS based on the Laue symmetry using equivalent reflections.43 Structure solutions 
and refinement were carried out using the SHELXTL- PLUS software package.44  
 
4.3 Results and Discussion 
4.3.1  Synthesis and Characterization of Pd Complexes 
X-ray Crystal Structures of (N2S2)Pd Complexes. The (N2S2)PdIIRX complexes (R = X 
= Me, 1; R = Me, X = Cl, 2; R = Me, X = Br, 3; R = X = Cl, 4, Scheme 4.1) were 
synthesized using common Pd(II) precursors and synthetic procedures.27-29 The X-ray 
crystal structure of (N2S2)PdIIMe2 (1, Figure 4.1) reveals a square-planar coordination at 
the Pd(II) center, with cis-positioned methyl groups and the two N donors from N2S2, in 
line with the typical κ2 conformation of pyridinophane ligands in Pd(II) complexes.23, 29, 45 
The average Pd–C and Pd–N bond lengths are 2.039 and 2.189 Å, respectively, consistent 
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with the reported value of the (tmeda)PdIIMe2 complex,45 but with Pd–N distances 
significantly longer than those of 4 (Pd–N 2.049 Å, Pd–Cl 2.289 Å),29 likely due to the 
stronger trans influence of the Me vs. Cl ligands.46 Though no crystal structure of 
(N2S2)PdIIMeCl (2) was obtained, the preliminary crystal structure of and (N2S2)PdIIMeBr 
(3) reveals a square-planar geometry and the atom connectivity around the Pd(II) center, 
with N2S2 binding in a κ2 conformation as in 1.  
 
Scheme 4.1 Synthesis of the (N2S2)PdRX complexes. 
 
 
1 12+ 
Figure 4.1 X-ray crystal structures of 1 and 12+ with 50% thermal ellipsoids. Selected 
bond distances (Å), 1: Pd1–C1 2.043(5), Pd1–C2 2.035(4), Pd1–N1 2.184(3), Pd1–N2 
2.194(3); 12+: Pd1–C1/C1’ 2.088(12), Pd1–N1/N1’ 2.156(9), Pd1–S1/S1’ 2.324(3). 
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Interestingly, chemical oxidation of 1 with 2 equiv FcPF6 in acetone yields a brown product 
that could be crystallized by ether vapor diffusion. X-ray structure analysis reveals a Pd(IV) 
complex, [(N2S2)PdIVMe2](PF6)2 (12+(PF6)2, Figure 4.1), with the pseudo-octahedral 
geometry at the Pd center, which interacts with two N atoms and two S atoms of N2S2 – 
that adopts a κ4 conformation, as well as with two cis-positioned methyl groups. The 
relatively longer Pd–C (2.088 Å) and shorter Pd–N (2.156 Å) bond distances, as compared 
to 1, are likely a result of the oxidation of Pd(II) to Pd(IV) that favors an octahedral 
geometry, while the Pd–S bond lengths (2.324 Å) are similar to other reported systems.47 
Surprisingly, the presence of soft S-donors can stabilize a high-valent Pd(IV) center. While 
there are Pd(II) and even Pd(III) complexes stabilized by thioether ligands,19 12+ is to the 
best of our knowledge one of the few Pd(IV) complexes with thioether donors.48 In 
addition, only very few Pd(IV)-thiolate or -sulfonate complexes have been reported.49, 50 
Based on our recent studies on a series of (RN4)Pd complexes (RN4 = N,N’-di-alkyl-2,11- 
diaza[3.3](2,6)pyridinophane, R = tBu, iPr, Me) containing Pd(II), Pd(III) and Pd(IV) 
oxidation states,23 we proposed that the ligand steric effects control the stability of Pd(III) 
vs. Pd(IV) complexes (vide infra).21 The isolation of 12+(PF6)2 provides further evidence 
for the paramount role of ligand steric effects vs. electronic effects, as the N2S2 ligand can 
accommodate the octahedral geometry of the Pd(IV) center, similar to MeN4, and in 
contrast to the bulkier iPrN4 and tBuN4 ligands that disfavor the stabilization of the Pd(IV) 
oxidation state.23  
 
105 
 
Electrochemical Studies. The electrochemical properties of (N2S2)Pd(II) complexes were 
studied by cyclic voltammetry (CV, Table 4.1 and Figure 4.2). Complex 1 exhibits a 
complicated CV and no PdII/III redox wave could be identified, except some oxidation peaks 
that have potentials of Epa = 0.47 V (vs. Fc) and E1/2 = -0.60 V (ΔEp = 70 mV), similar to 
the PdII/III oxidation potential of [(N2S2)PdIIMe]2(OTf)2 (5) and the PdIII/IV redox potential 
of 12+, respectively. It is likely that the broad oxidation feature from -0.4 to 0.27 V is due to 
multiple oxidations such as Pd(II) ? Pd(III) ? Pd(IV), while the transiently-formed 
Pd(III)-dimethyl intermediate can undergo a chemical reaction to yield a 
Pd(II)-monomethyl species on the CV time scale (vide infra). Interestingly, after one CV 
cycle a reversible redox wave is observed at ~ -0.56 V, which is assigned to a PdIV/III redox 
couple as it is similar to that observed during the reduction of 12+. The CV of 12+ also 
suggests that the Pd(III)-dimethyl intermediate can be stabilized upon reduction of 12+, yet 
further reduction to Pd(II) leads to a decreased intensity for the re-oxidations of Pd(II) to 
Pd(III) and Pd(III) to Pd(IV). The observed limited stability of the Pd(III) intermediate is 
likely due to the conformational change of the N2S2 ligand. The oxidation of 1 – with 
N2S2 binding in a κ2 conformation, generates a transient Pd(III) species with a four- or 
five-coordinate metal center that is expected to be less stable than a six-coordinate species. 
By contrast, N2S2 adopts a κ4 conformation in 12+ and thus no conformation change is 
needed upon reduction to generate a (κ4-N2S2)PdIII species. If Pd(III) is further reduced to 
Pd(II), the conformation change of N2S2 from κ4 to κ2 will lead to an irreversible 
re-oxidation to Pd(III). 
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For 2 and 3, both complexes display similar irreversible Pd(II/III) and quasi-reversible 
Pd(III/IV) waves (Table 4.1 and Figure 4.2), indicating that the change in halogen donors 
(Cl, Br) does not affect significantly the electrochemical properties of the complexes. The 
additional features in the CVs of 2 and 3 are likely due to side reactions of the Pd(III) 
species to generate mono-halide or mono-methyl Pd(II) products that exhibit high potential 
oxidation waves (e.g., [(N2S2)PdIICl](OTf), 6-Cl). The CV of 4 shows an irreversible 
PdII/III wave at a much higher potential than any complex of 1–3, which is due to the 
decreased σ-donor ability of a Cl vs. methyl donor. These CVs suggest that while the Pd(III) 
oxidation state is accessible, it exhibits further reactivity on the CV timescale and the 
formed side products lead to complex CV profiles. 
 
Table 4.1 CV data for (N2S2)Pd complexes.a 
Complex EpaII/III (V) EpcIII/II (V) EpaIII/IV (V) EpcIV/III (V) 
1b -0.4 ~ 0.27 (broad) 
12+ -- c -0.93 -0.56 (ΔEp = 70 mV)d 
2 0.23 -- c 0.78 0.62 
3e 0.15 -0.21 0.80 0.58 
4 ~0.65 0.48 0.75 (ΔEp = 70 mV) d 
5 0.55 0.09 0.88 
6-Cl 0.81 0.61 -- c -- c 
a Reported vs Fc at RT. 100 mV/s scan rate, if not specified. b 500 mV/s scan rate. c Not 
observed. d Reversible. e 50 mV/s scan rate. 
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Figure 4.2 CVs of a) 1.5 mM of 1 (scan rate = 500 mV/s), b) 1.0 mM of 2, c) 1.5 mM of 
3 (scan rate = 50 mV/s), d) 1.0 mM of 4, e) 1.0 mM of 5, and f) 1.0 mM of 6-Cl in 0.1 M 
Bu4NClO4/MeCN. Scan rate = 100 mV/s unless specified. The cathodic peak at -0.21 V in 
e) comes from the side product produced during CV time scale. 
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Figure 4.3 CV of 0.5 mM of 12+(PF6)2 in 0.1 M Bu4NClO4/MeCN. Scan rate = 100 mV/s. 
 
4.3.2 Characterization of Pd(III) Intermediates 
Based on the CV studies of (N2S2)Pd complexes, controlled potential electrolysis (CPE) 
was performed in an attempt to generate the corresponding Pd(III) intermediates. 
Unfortunately, the limited stability of the Pd(III) intermediates prevented their isolation. 
Instead, chemical oxidation or reduction was employed to generate Pd(III) species that 
were characterized in situ. 
 
[(N2S2)PdIIIMe2]+ (1+). The formation of 1+ upon adding 1 equiv Fc+ to 1 could not be 
detected by EPR. Alternatively, 1+ was generated by chemical reduction of 12+ with 1 equiv 
CoIICp2 and trapped by rapid freezing at 77 K. The EPR spectrum in MeCN : PrCN (v : v = 
1 : 3) reveals an axial signal with g⊥ = 2.097 and g∥ = 1.988 (Figure 4.4), values similar to 
those reported for [(tBuN4)PdIIIMe2]+,24 suggesting the presence of the Pd(III)-dimethyl 
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intermediate in an axial-distorted octahedral geometry. However, species 1+ is highly 
unstable and decays within 1 min to generate EPR-silent species (vida infra). 
 
[(N2S2)PdIIIMeCl]+ (2+). 2+ was made by oxidation of 2 with 1 equiv AcFc+ and trapped 
by rapid freezing at 77 K. The EPR spectrum in MeCN : PrCN (v : v = 1 : 3) is more 
complex (Figure 4.4) and a reasonable simulation was obtained using the parameters g1 = 
2.143, g2 = 2.045 (ACl = 25.0 G, AN1 = 5.0 G, AN2 = 13.0 G), g3 = 2.038 (AN1 = 15.0 G) with 
superhyperfine coupling to one Cl atom (35Cl, 37Cl, I = 3/2) and two 14N (I = 1) atoms 
(Table 4.2). The similarity of these g values to the literature values implies a Pd(III) 
intermediate has been produced.22 However, the g1 >> g2 ≈ g3 ordering of the g values is 
different from most reported EPR spectra of mononuclear Pd(III) complexes in a distorted 
octahedral geometry with a (dz2)1 ground state.21 This suggests that the Pd(III) center could 
adopt either a 4-coordinate (square planar) or 5-coordinate (trigonal pyramidal or square 
pyramidal) geometry and a (dxy)1 or (dx2-y2)1 ground state, although the geometry of the 
Pd(III) species cannot be unambiguously determined. The proposed geometries are also 
suggested by the observed superhyperfine coupling to Cl and/or N atoms in the equatorial 
plane, and may be the reason for the reduced stability of the Pd(III) species. Further proof 
for the formation a Pd(III) species was provided by ESI-MS: a peak at m/z 429.9556 amu 
with the characteristic Pd isotopic pattern was observed (calculated m/z for 2+: 429.9553 
amu, Figure 4.5), while no such peak was observed in the ESI-MS of 2 itself, strongly 
suggesting the formation of the Pd(III) species upon oxidation of 2 by AcFc+. 
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Table 4.2 EPR parameters for Pd(III) species. 
Species 
g values Superhyperfine coupling (G) 
g1 g2 g3 A1 A2 A3 
1+ 2.097 2.097 1.988 -- -- -- 
2+ 2.143 2.045 2.038 NDa 
ACl = 25.0 
AN1 = 5.0 
AN2 = 13.0 
AN1 = 15.0 
3 + 
AcFc+ 
Species A 2.135 2.048 2.020 AN1 = 15.0 
ABr = 130.0 
AN1 = 5.0 
AN2 = 5.0 
AN2 = 30.0 
Species B 2.177 2.086 2.014 NDa AN = 15.0 AN = 5.0 
4+ 2.093 2.084 2.005 -- -- -- 
a Not determined. 
 
[(N2S2)PdIIIMeBr]+ (3+). Since 3 exhibits a similar electrochemical behavior to 2, 
chemical oxidation of 3 was performed under the same conditions. ESI-MS of the 
oxidation of 3 with 1 equiv AcFc+ shows a peak at m/z 473.9027 amu, corresponding to 3+ 
(calculated m/z for 3+: 473.9046 amu, Figure 4.6), while such peak was absent in the 
ESI-MS of 3. The EPR spectrum of the frozen reaction mixture reveals a complex pattern 
(Figure 4.4) that can be simulated by employing two overlapping signals from two Pd(III) 
intermediates in a 1 : 1 ratio: species A in which Pd(III) is coupled to one Br atom (79Br, 
81Br, I = 3/2) and two 14N (I = 1) atoms, while the Pd(III) center in species B is coupled to 
one N atom only. The parameters for species A, g1 = 2.135 (AN1 = 15.0 G), g2 = 2.048 (ABr 
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= 130.0 G, AN1 = 5.0 G, AN2 = 5.0 G), and g3 = 2.020 (AN2 = 30.0 G) are comparable with 2+ 
– except for the coupling constant to Br that is significantly larger, indicating that in 
species A the Pd(III) might adopt a coordination geometry similar to 2+. For species B, the 
simulation yields a rhombic spectrum with g1 = 2.177, g2 = 2.086 (AN = 15.0 G), and g3 = 
2.014 (AN = 5.0 G, Table 4.2) that is more in line with the reported parameters for distorted 
octahedral Pd(III) complexes.22 Although more data is needed to unambiguously assign the 
geometry of the Pd(III) centers in these species, these results provide strong evidence that 
Pd(III) intermediates are formed in the reaction mixture. 
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Figure 4.4 Experimental and simulated EPR spectra of reaction mixtures of (N2S2)Pd 
complexes and redox reagents at 77 K. (a) 12+ + CoIICp2: the feature marked with an 
asterisk is from CoIICp2; (b) 2 + AcFc+: the feature marked with an asterisk is from the 
hyperfine coupling to the 105Pd isotope (abundance 22.3%, I = 5/2); (c) 3 + AcFc+: the 
simulation spectrum (blue) is a sum of the components of two Pd(III) species: 3+ (blue 
dashed line) and species B (blue dotted line); (d) 4 + NO+: the features marked with an 
asterisk are due to the hyperfine coupling to the 105Pd isotope (22.3%, I = 5/2). 
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Figure 4.5 ESI-MS of the reaction mixture of 2 and 1 equiv AcFc+ in MeCN (top), and 
the simulation of the enlarged peak at 429.9556 amu (bottom): simulation for 
[(N2S2)PdIIIMeCl]+ (2+), 429.9553 amu. 
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Figure 4.6 ESI-MS of the reaction mixture of 3 and 1 equiv AcFc+ in MeCN (top), and 
the simulation of the enlarged peak at 473.9027 amu (bottom): simulation for 
[(N2S2)PdIIIMeBr]+ (3+), 474.9046 amu. 
 
[(N2S2)PdIIICl2]+ (4+). Since 4 exhibits higher oxidation potential than 1–3, the stronger 
oxidant NOBF4 was used to oxidize 4. Upon oxidation of 4 by 1 equiv NO+, the initially 
yellow solution turns red-purple, followed by a color change to orange during the course of 
several hours. The EPR in MeCN : PrCN (v : v = 1 : 3) at 77 K reveals a Pd(III) signal with 
gx = 2.093, gy = 2.084, and gz = 2.005 (Figure 4.4 and Table 4.2), similar to that of 1+, 
suggesting that in 4+ the Pd(III) center is in a distorted octahedral environment with the 
N2S2 ligand in a κ4 conformation. Monitoring of the oxidation reaction in MeCN at RT by 
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UV-vis spectroscopy reveals two bands at 552 nm and 368 nm that increase in intensity 
within the first two minutes, followed by their decay during the next few hours and 
appearance of a shoulder at 434 nm (Figure 4.7a). By comparing to other reported 
mononuclear Pd(III) complexes,22, 47 we tentatively assign these bands to Cl-to-Pd and 
S-to-Pd ligand-to-metal charge transfer (LMCT) transitions for 4+, while the shoulder of 
434 nm is likely an LMCT transition of the resulting product. Further insight into the 
electronic properties of 4+ was obtained by DFT calculations. The geometry optimized 
structure of 4+ reveals a Pd(III) center in a distorted octahedral geometry and the unpaired 
electron in a dz2 ground state, in line with the observed EPR spectrum (Appendix C). In 
addition, the TD-DFT calculated UV-vis spectrum and transitions of 4+ match well the 
experimental spectrum and proposed charge transfer transitions (Figure 4.7b and Appendix 
C) and thus provides strong support for the proposed octahedral geometry of 4+ with the 
N2S2 ligand binding in a κ4 conformation. Since the Pd(III) intermediate decays quickly at 
RT, low-temperature CPE of 4 (2.0 mM, 10 mL) was performed in MeCN at -40 ºC. After 
the charge equivalent to a one-electron oxidation has passed, the solution turns purple, 
indicating formation of 4+. In situ CV immediately after CPE at -40 ºC reveals a reversible 
PdIII/II redox wave at 0.39 V, followed by another reduction at -0.11 V (Figure 4.8). 
Although the purple solution is stable at -35 ºC for a few days, the isolation of the purple 
product was not successful, an orange powder being obtained instead (vide infra). 
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Figure 4.7 a) In situ UV-vis spectra of the oxidation of 4 (0.74 mM, dotted line) with 1 
equiv NO+ in MeCN at RT: initial spectrum after adding NO+ (solid line), and spectrum 
after 4 h (dashed line). b) Experimental (solid line) and normalized TD-DFT calculated 
(dashed line) UV-vis spectra of 4+. 
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Figure 4.8 In situ CV of -1e- electrolysis solution of 2.0 mM of 4 in 0.1 M Bu4NClO4/ 
MeCN at -40 ºC. Scan rate = 100 mV/s.  
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4.3.3 Reactivity Studies of Pd(II) Complexes 
In light of the recently reported reductive elimination of ethane and MeCl from isolated 
Pd(III) complexes and the proposed role of Pd(III) intermediates in reductive elimination 
reactions, 22, 24, 51 we set out to investigate the oxidatively-induced reactivity organometallic 
(N2S2)PdII complexes 1–3. 
 
C–C Bond Formation. Oxidation of 1 with 1 equiv Fc+ in acetone-d6 at RT leads to a 
quantitative formation of MeMe (49 ± 2%) and 5 (98 ± 1%) within 30 minutes (Scheme 
4.2), as detected by NMR (Appendix B). In order to gain insight into the possible 
mechanism of ethane formation, we first examined the reaction of 1 with Fc+ in the 
presence of 2 equiv TEMPO, a common alkyl radical trapping agent, yet no Me–TEMPO 
product was observed and the yield of ethane was not affected. Along with the lack of 
formation of CH4, these results suggest that the methyl radical pathway is not likely.22 Thus, 
we propose the initial formation of 1+, followed by the methyl group transfer and 
dispropotionation of 1+ to [(N2S2)PdIVMe3]+ and a mono-methyl Pd(II) product, the 
resulting [(N2S2)PdIVMe3]+ species being responsible for the subsequent C–C bond 
formation (Scheme 4.3).  
 
A similar non-radical methyl group transfer and C–C bond formation reactivity was 
proposed by Sanford, Meyer et al. for the one-electron oxidation of the (tBu2bpy)PdIIMe2 
complex to generate an observable [(tBu2bpy)PdIVMe3]+ intermediate.51, 52 In addition, the 
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recent isolation of [(Me3tacn)PdIVMe3]+ and [(MeN4)PdIVMe3]+ species upon aerobic 
oxidation of the corresponding Pd(II) precursors and methyl group transfer at Pd(III) or 
Pd(IV) centers provides further support for the proposed mechanism (Scheme 4.3).13, 25 
 
Scheme 4.2 Oxidatively-induced reactivity of 1 (top) and reductively-induced reactivity of 
12+ (bottom).  
 
Scheme 4.3 Proposed mechanism for C–C bond formation.  
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To further probe the mechanism of the reaction, a crossover experiment was performed 
using a 1 : 1 mixture of 1 and (N2S2)Pd(CD3)2 (1-d6) in the presence of 2 equiv Fc+ (1 
equiv Fc+ per Pd) that leads to rapid formation of 5, [(N2S2)PdII(CD3)]+ (5-d3), CH3CH3 
and CH3CD3 in 43 ± 9, 57 ± 9, 12 ± 2 and 24 ± 3% yields, respectively (Scheme 4.2). 
Given the typical yield of ~50% ethane upon oxidation of 1, the yield of CD3CD3 can be 
estimated as ~14 ± 6%, suggesting a ~ 1 : 2 : 1 ratio of CH3CH3, CH3CD3, and CD3CD3. 
This ethane isotopologue ratio is similar to that observed for the one-electron oxidation of 
the the (tBu2bpy)PdIIMe2 complex, further supporting the methyl group transfer 
mechanism.51 Interestingly, this result is in contrast to a mechanism involving a rapid 
rearrangement of the methyl groups before reductive elimination, which should give 1 : 1 : 
1 ratio of CH3CH3, CH3CD3, and CD3CD3, as observed for the aerobic oxidation of 
(RN4)PdIIMe2 systems.24, 25  
 
The involvement of Pd(IV) species during C–C bond formation is also suggested by the 
reaction of 1 with 10 equiv MeI that gives almost stoichiometric amounts of 
(N2S2)PdIIMeI and ethane in 70 h (Scheme 4.2), suggesting an oxidative addition step 
followed by ethane elimination. Moreover, the reaction of 1 with 10 equiv CD3I gives a 
less than 1 : 2 ratio of CH3CH3 and CH3CD3 and the corresponding mono-methyl Pd(II) 
products. Since a rapid reductive elimination step should lead to only CH3CD3, the 
presence of both ethane isotopologues suggests that the transient Pd(IV) intermediate can 
undergo a rearrangement of the equatorial CH3 and axial CD3 groups before ethane 
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elimination,24 likely due to the reduced rate of reductive elimination from a six-coordinate 
(N2S2)PdIVMe2(CD3)I transient species and in line with the observed longer reaction times 
(~70 h) for this reaction (Scheme 4.2).13, 53, 54 Interestingly, no ethane formation was 
observed upon thermolysis or photolysis of an acetone solution of 12+, as expected for a 
rigid six-coordinate Pd(IV) species.23 In contrast, the reduction of 12+ by 1.1 equiv CoIICp2 
can promote C–C bond formation the reactivity and produces 38 ± 1% ethane and 80 ± 6% 
of 5 (Scheme 4.2, bottom), confirming that the Pd(III)-dimethyl species 1+ is a key 
intermediate during the proposed ethane elimination mechanism. 
 
C–X Bond Formation (X = Cl or Br). Oxidation of 2 by 1 equiv AcFc+ in acetone-d6 
generates 32 ± 3% MeCl within 2 h, as well as 12+, 5, and [(N2S2)PdIICl]+ (6-Cl) in 14 ± 
3%, 31 ± 3%, and 32 ± 3% yields, respectively (Scheme 4.4, top). The reaction of 2 with 1 
equiv Fc+ gives a similar result, yet it takes 8 h to reach completion. In addition, formation 
of 4 was observed by 1H NMR in the early stages of the reaction, but disappeared at the 
completion of the reaction along with formation of a yellow precipitate identified as 4. 
Since the Pd(III) intermediate 2+ was already observed by EPR and ESI-MS, several 
possible mechanisms were proposed for the observed reactivity: (a) a radical pathway, (b) a 
methyl group transfer/disproportionation step, and (c) direct reductive elimination from the 
Pd(III) species (Scheme 4.5). The formation of small amounts of 12+ during the reaction is 
most likely due to the subsequent oxidation of the mono-methyl Pd(II) product 5, followed 
by methyl group transfer and dispropotionation.27  
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Scheme 4.4 Oxidative reactivity studies of 2 and 3. 
 ppt = precipitate 
 
Addition of TEMPO during the oxidation reaction does not lead to formation of 
TEMPO–Me and does not affect the yield of MeCl, implying that a mechanism of methyl 
radical pathway is not likely. Monitoring of the reaction of 2 with AcFc+ by 1H NMR at -20 
ºC reveals the formation of a significant amount of 5 (~60% yield), followed by its decay 
and an increase of the amount of all products during the course of several hours (Figure 
4.9), suggesting a possible Cl radical pathway. However, the absence of any Cl trapped 
products by using halogen radical trap agents (2,3-dimethyl-1,3-butadiene, styrene, 
1-hexene, etc.) in GC-MS or 1H NMR, makes the Cl radical pathway less likely.55-62 
Moreover, the reaction of 2 with 1 equiv 13CH3I produces only 13CH3Cl and (N2S2)PdIIMeI 
(Scheme 4.4), suggesting that the Pd(IV) oxidation state is accessible, a fast and selective 
reductive elimination of 13CH3Cl occurs from a [(N2S2)PdIV(13CH3)MeCl]+ intermediate, 
and no scrambling occurs between the axial and equatorial methyl groups due to the high 
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reactivity of the transient Pd(IV) species. Overall, these results suggest a mechanism 
involving methyl group transfer and disproportionation to give a [(N2S2)PdIVMe2Cl]+ 
species, followed by reduction elimination (Scheme 4.5, path B). 
 
Scheme 4.5 Possible mechanisms for reaction of 2 or 3 with AcFc+. (X = Cl, Br). 
 
By comparison, oxidation of 3 with 1 equiv AcFc+ gives 34 ± 3% MeBr, 55 ± 5% 
[(N2S2)PdIIBr]+ (6-Br), and 32 ± 3% of 5, respectively (Scheme 4.4, bottom), yet no 12+ or 
any precipitate was observed at the end of the reaction of 2 h. Moreover, the 
time-dependent low-temperature 1H NMR studies of this reaction reveal a different 
behavior than that of 2. All products form with similar rates while the amount of starting 
material decreases. While 12+ was generated at the beginning of the reaction, its 
concentration remained constant for several hours at -20 ºC and then slowly decayed within 
14 h at room temperature, along with an increase of all product yields. Overall, these 
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results indicate that different mechanisms might be involved during the oxidative reactivity 
of 3. 
 
Figure 4.9 Time-dependent 1H NMR studies of oxidation reaction of a) 2 and b) 3 with 1 
equiv AcFc+ in acetone-d6 at -20 ºC, followed by monitoring at RT (the last data point in 
each graph corresponds to the final yield of the products at RT). Note: For (a), the 
experiment in the first 2 hours was monitored at -20 ºC, followed by continued monitoring 
at RT for 4 hours. The H2O peak overlaps with MeCl at -20 ºC, thus the amount of MeCl 
could be obtained only at RT. Since (N2S2)PdIICl2 (4) precipitates out of solution, the final 
yield of 4 is estimated as 100% - yields of other Pd products. For (b), the experiment in the 
first 4 hours was monitored at -20 ºC, followed by continued monitoring at RT up to 6 
hours in total.  
 
A radical mechanism is also unlikely in this case, as no TEMPO–Me product was observed 
when the oxidation reaction was performed in the presence of TEMPO, and no 
Br-containing adducts were obtained in the presence of various alkenes 
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(2,3-dimethyl-1,3-butadiene, 1-hexene, cyclohexene or styrene, etc.) as halogen radical 
traps.55-62 However, the possibility of Br radical cannot be excluded completely, due to a 
possible rapid reduction of the Br radical to the Br- anion. Moreover, the intermediacy of 
12+ leading to product formation suggests that 12+ could react with Br- through an SN2 
mechanism to produce MeBr and 5 (Scheme 4.5, bottom). Indeed, this has been confirmed 
by reacting 12+ with 1.8 equiv tetrabutylammonium bromide (Bu4N+Br-) that eliminates 
MeBr and 3 within 5 min (Appendix B). By comparison, the reaction of 12+ with 1.8 equiv 
tetrabutylammonium chloride (Bu4N+Cl-) produces MeCl at a much slower rate than a 
similar reaction with Bu4N+Br-.  
 
Scheme 4.6 Crossover experiment between 2 and 3-13C. 
 
Similarly to 2, the reaction of 3 with 1 equiv 13CH3I produces only 13CH3Br and 
(N2S2)PdIIMeI (Scheme 4.4, bottom), implying that [(N2S2)PdIVMe2Br]+ could be a 
reaction intermediate (Scheme 4.5). Overall, these mechanistic studies suggest that the 
oxidatively-induced MeBr formation from 3 can occur by more than one mechanism, 
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involving either an initial methyl group transfer/disproportionation from a Pd(III) center 
followed by C-Br bond formation, or an SN2 reductive elimination from a Pd(IV)-dimethyl 
intermediate. 
 
To test whether a direct reductive elimination from a Pd(III) center is involved during the 
oxidative reactivity of 2 and 3 (Scheme 4.5, path C), a crossover experiment was conducted 
by reacting a 1 : 1 mixture of 2 and (N2S2)PdII(13CH3)Br (3-13C) with AcFc+. A concerted 
reductive elimination is expected to generate only the non-scrambled products MeCl and 
13CH3Br, respectively. However, the oxidation reactions generated CH3Br, 13CH3Br, 5, and 
[(N2S2)PdII(13CH3)]+ (5-13C) in a ~1:1:1:1 ratio, as well as 6-Cl/Br and a yellow 
precipitate corresponding to 4 (Scheme 4.6), while a negligible amount of MeCl (~1%) was 
produced after 4 h. The formation of the two isotopomers of MeBr argues against a 
concerted reductive elimination from a Pd(III) center and supports a methyl group transfer 
mechanism as the preferred pathway for C–Br bond formation. The different yields of 
MeCl and MeBr are proposed to be due to (a) the slightly higher oxidation potential (80 
mV) of PdII/III of 2 vs that of 3 (although their oxidation by AcFc+ is rapid at room 
temperature, as observed by NMR), (b) the differential reactivity of [(N2S2)PdIVMe2Cl]+ 
and [(N2S2)PdIVMe2Br]+ species toward concerted reductive elimination, (c) the more 
rapid reaction of Br- vs Cl- with 12+ to give MeBr through an SN2 reductive elimination, or 
(d) a combination of the preceding.  
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On the basis of all these studies, we propose that the observed oxidatively-induced 
C–halide bond formation from 2 or 3 most likely involves initial formation of Pd(III) 
species, followed by methyl group transfer and disproportionation to form 
[(N2S2)PdIVMe2X]+ (X = Cl, Br) intermediates that selectively eliminate MeCl or MeBr. 
However, a halogen radical pathway, especially for 3, cannot be unambiguously excluded, 
yet such a radical mechanism can generate an appreciable amount of 5, which can be 
oxidized to yield 12+ that can undergo SN2 reductive elimination with Br- (or Cl-) to yield 
MeBr (or to a lesser extent MeCl). In addition, an SN2 reductive elimination from 
Pd(III)-Me intermediate cannot be completely ruled out either, although such a reaction 
was not observed in any of our previous studies on organometallic Pd(III) systems. 22-25 
 
Partial Ligand Oxidation of [(N2S2)PdIIICl2]+ (4+). Characterization of the one-electron- 
oxidation product of 4 by EPR, low temperature UV-vis, and CV strongly suggests the 
formation of the red-purple Pd(III) species 4+ (vide supera). Unfortunately, attempts to 
isolate pure 4+ were unsuccessful and led to the formation of an orange solid. Diffusion of 
diethyl ether into a MeCN solution of the orange powder yielded orange crystals whose 
X-ray characterization reveals a unit cell that contains [(N2S2)PdIICl]+ (6-Cl) and 
unreacted (N2S2)PdIICl2 (4), along with a small amount of the new complex 
(N2S2-O)PdIICl2 (7, Scheme 4.7), in which one of the S atoms of N2S2 has been oxidized 
to a sulfoxide (the sulfoxide O atom exhibits a 14% occupancy in the crystal structure). The 
pure complex [6-Cl](OTf) was synthesized independently, and its X-ray structure reveal an 
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uncommon κ3 conformation for the N2S2 ligand, which binds to the Pd(II) center through 
one N and two S donors. The chloride ligand completes the square planar geometry (Figure 
4.10), in line with the atom connectivity obtained from the isolated orange mixture. A 
similar ligand conformation was observed for the recently reported dinuclear Pd(II) 
complexes [(N2S2)PdIIMe]22+ and [(N2S2)PdII(MeCN)]24+, yet no metal-metal interactions 
were observed for [6-Cl](OTf) in the solid state.27 By comparison, the N2S2 ligand in 
complex 7 is found the more common κ2 conformation. The conformational change of 
N2S2 upon oxidation of Pd(II) to Pd(III) is proposed to lead to the partial ligand oxidation; 
however, detailed mechanistic studies are needed for better understanding this ligand 
oxidation reactivity. 
Scheme 4.7 Oxidation reaction of 4 with 1 equiv NOBF4.  
 
 
Figure 4.10 X-ray crystal structure of the cation of [6-Cl](OTf) with 50% thermal 
ellipsoids. Average bond distances (Å): Pd1–N1 2.030, Pd1–Cl1 2.292, Pd1–S1 2.319, 
Pd1–S2 2.328. 
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4.3.4 Comparison of Electronic Properties of Pd(III) Complexes 
The results above show that the Pd(III) complexes supported by the N- and S-donor N2S2 
ligand exhibit limited stability, although the Pd(IV) complex [(N2S2)PdIVMe2](PF6)2 is 
uncommonly stable. By comparison, recent reports from our laboratory have shown that 
the analogous Pd(III) complexes of the all-N macrocyclic ligand tBuN4 are extremely stable, 
although the corresponding Pd(IV) species could not be isolated.21, 22, 24 In order to address 
whether the differential stability of the Pd(III) complexes is due to the axial donor atom (N 
vs. S) or just steric effects, DFT calculations were employed to evaluate the electronic 
properties of the geometry optimized PdIIIMe2 cationic complexes stabilized by N2S2 or 
tBuN4, which most likely exhibit the same geometry of the Pd(III) centers. By comparison, 
the geometry of the Pd(III) centers in 2 and 3 is not clear at this point, either a five- or 
six-coordinate geometry being possible. Interestingly, the atomic contribution to the 
frontier molecular orbitals is similar for N2S2 vs. tBuN4 Pd(III) complexes (Tables 4.3 and 
Appendix C), with the N2S2 complexes exhibiting slightly more covalent metal-ligand 
interactions and suggesting that the change in axial donors has only a minor effect. Thus, 
the steric effect of the N-tBu group is most likely responsible for the dramatic stabilization 
of the distorted octahedral Pd(III) complexes, while the absence of such groups in the N2S2 
ligand supports an octahedral geometry preferred by Pd(IV) complexes. Moreover, a 
similar steric effect was observed for the Pd complexes of RN4 ligands (R = Me, iPr),23, 25 
which can stabilize both Pd(III) and Pd(IV) oxidation states. Use of the N2S2 ligand thus 
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further highlights the paramount role of ligand sterics on Pd(III) complex stability that 
seems to trump even the change in axial donor atoms. 
 
Table 4.3 Comparison of the β lowest unoccupied molecular orbitals (LUMOs) of 
[(N2S2)PdIIIMe2]+ and [(tBuN4)PdIIIMe2]+ complexes. 
[(N2S2)PdIIIMe2]+ [(tBuN4)PdIIIMe2]+ 
   
Pd   29% 
S    40% 
Me  18% 
    
Pd   32% 
Nax  32% 
Me  16% 
 
4.4 Conclusion 
In summary, reported herein is the characterization of a series of organometallic (N2S2)Pd 
complexes that exhibit oxidatively-induced ethane, MeCl, or MeBr elimination reactivity. 
We have shown that the Pd(III) oxidation state is accessible on the basis of the redox 
properties of these complexes and that the oxidative reactivity of these Pd(II) complexes 
involve Pd(III) intermediates. EPR, UV-vis, ESI-MS, and low temperature CV provide 
direct evidence for the presence of Pd(III) intermediates. Mechanistic studies suggest that 
C-C bond formation occurs most likely through a methyl group transfer and formation of a 
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transient [(N2S2)PdIVMe3]+ intermediate. In contrast, C-halide bond formation may involve 
the formation of [(N2S2)PdIVMe2X]+ intermediates, yet a halogen radical pathway cannot 
be completely excluded. The isolated Pd(IV)-dimethyl complex reveal a N2S2 ligand that 
adopts a tetradentate κ4 conformation, while in the Pd(II)-monochloro complex N2S2 
adopts a tridentate κ3 conformation, both showing that the S-donor atoms interacting with 
the metal center in different oxidation states, including a Pd(IV) species. Moreover, the Pd 
complexes described herein reveal the ability of the N2S2 ligand to adopt various 
conformations and denticities when binding to metal centers in various oxidation states and 
ligand field strengths. The coordination versatility of N2S2 is currently being explored for 
other transition metal ions. 
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Chapter 5 
 
Reduction Chemistry of  
(N2S2)Pd and (tBuN4)Pd Complexes 
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5.1  Introduction 
The chemistry of high-valent Pd complexes has received significant attention in the past 
few years.1-5 Since 2004 when Sanford’s group first showed the involvement of Pd(IV) 
species in C–X bond formations,6, 7 followed by the isolation of a Pd(III)-Pd(III) dinuclear 
species as the intermediate for C–Cl bond formation by Ritter’s group in 2009,8 extensive 
studies on Pd(III) and Pd(IV) complexes as the active intermediates of Pd catalyzed 
reactions have shed new light on the conventional Pd catalysis.9-18 In previous studies, our 
group has reported a series of Pd(III) and Pd(IV) complexes, employing N,N’-dialkyl-2,11- 
diaza[3.3](2,6)pyridinophane (RN4, R = tBu, iPr, Me), N’,N”,N’”-trimethyltriaza- 
cyclononane (Me3tacn), and 2,11-dithia[3.3](2,6)pyridinophane (N2S2) ligands.19-25 The 
oxidative reactivity studies have demonstrated the involvement of Pd(III) and Pd(IV) 
intermediates in the C-C and C-heteroatom bond formation. In light of the possibility of a 
Pd(III)/Pd(I) catalytic cycle being involved in such organometallic reactions,26, 27 we started 
to investigate the properties of Pd(I) complexes. To the best of our knowledge, the isolated 
mononuclear Pd(I) complexes are very rare.28 Most of the Pd(I) complexes reported to date 
are Pd(I) dinuclear species, containing a Pd(I)-Pd(I) bond.29, 30 Reported herein are the 
spectroscopic studies of a series of Pd(I) intermediates generated by chemical or 
electrochemical reduction of [(N2S2)PdII(MeCN)]2(OTf)4 (1), [(N2S2)PdIIMe]2(OTf)2 (2), 
[(N2S2)PdIICl](OTf) (3), [(N2S2)PdIIX](OTf)2 (X = tBuNC 4, PPh3 5), [(N2S2)PdIIMe- 
(PPh3)](OTf) (6), and [(tBuN4)PdIIX2](OTf)2 (X = MeCN 7, tBuNC 8) complexes. The 
instability of these mononuclear Pd(I) intermediates has prevented so far their isolation, but 
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the electronic studies and the isolation of the Pd(I) dinuclear species, [(N2S2)PdI(μ- 
tBuNC)]2(ClO4)2 (9), demonstrate the accessibility of Pd(I) oxidation state for these 
complexes. 
 
5.2 Experimental Section 
5.2.1 Ligand and Complexes Syntheses 
Reagents and Materials. All chemicals were commercially available from Aldrich, Fisher 
or Strem Chemicals and were used as received without further purification. 2,11-dithia- 
[3.3](2,6)pyridinophane (N2S2),, 24, 31, 32  N,N’-ditertbutyl-2,11-diaza[3.3](2,6)- 
pyridinophane (tBuN4),33 [(N2S2)PdII(MeCN)]2(OTf)2 (1),34 [(N2S2)PdIIMe]2(OTf)2 (2),34 
[(N2S2)PdIICl](OTf) (3),24 and [(tBuN4)PdII(MeCN)2](OTf)2 (7) 35 were prepared according 
to the literature procedures. Solvents were purified prior to use by passing through a 
column of activated alumina using an M Braun solvent purification system. On the basis of 
their reduction potential,36 either cobaltocene (CoCp2) or bis(pentamethyl)cyclopentadienyl 
cobalt(II) (CoCp*2) was used as a reducing agent. 
 
[(N2S2)PdII(tBuNC)](OTf)2, 4. 2eq. of tBuNC (8.1 μL, 70.2 μmol) was added through a 
microsyringe to an MeCN solution (2 mL) of [(N2S2)PdII(MeCN)]2(OTf)4 (50.4 mg, 35.0 
μmol) while stirring. Solution changed color from brown to red immediately. After 1 h, the 
solvent was removed under vacuum. The resulting red oil was stored at -20 ºC for 1 h. 
Needle shaped red crystalline formed. Yield: 52.8 mg, 89%. 1H NMR (CD3CN, 300 MHz), 
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δ (ppm): 1.66 (s, 9H, tBu), 4.62 (d, J = 16.5 Hz, 4H, CH2), 5.08 (d, J = 16.5 Hz, 4H, CH2), 
7.24 (d, J = 7.8 Hz, 4H, Py Hmeta), 7.62 (t, J = 8.1 Hz, 2H, Py Hpara). UV-vis (MeCN; λ, nm 
(ε, M-1 cm-1)): 327 (3200), 497 (200). Elemental analysis: found, C 34.06, H 2.98, N 5.40%; 
calculated C21H23F6N3O6PdS4.0.5CH3CN, C 33.76, H 3.16, N 6.26%. ESI-MS (m/z): 
462.0314, calculated for [(N2S2)PdII(tBuNC) – H+]+: 462.0290. 
 
[(N2S2)PdII(PPh3)](OTf)2, 5. 2eq. of PPh3 (10.2 mg, 39.0 μmol) was dissolved in 2 mL of 
MeCN and added to an MeCN solution (2 mL) of [(N2S2)PdII(MeCN)]2(OTf)4 (28.1 mg, 
19.5 μmol) while stirring. Solution changed color from brown to red immediately. After 1 
h, the mixture was set up for crystallization with anhydrous diethyl ether vapor diffusion at 
RT. Needle shaped red crystalline formed after 1~2 days. Yield: 29.9 mg, 82%. 1H NMR 
(CD3CN, 300 MHz), δ (ppm): 4.42 (d, J = 16.5 Hz, 4H, CH2), 4.58 (d, J = 16.2 Hz, 4H, 
CH2), 7.18 (d, J = 7.8 Hz, 4H, Py Hmeta), 7.59 (t, J = 7.8 Hz, 2H, Py Hpara), 7.6 – 7.9 (m, 
15H, Ph). UV-vis (MeCN; λ, nm (ε, M-1 cm-1)): 317 (sh, 6600), 392 (sh, 1360), 503 (630). 
Elemental analysis: found, C 43.06, H 2.96, N 4.20%; calculated C34H29F6N2O6PPdS4. 
0.5CH3CN, C 43.71, H 3.20, N 3.64%. ESI-MS (m/z): 321.0275, calculated for [(N2S2)- 
PdII(PPh3)]2+: 321.0273; 641.0478, calculated for [(N2S2)PdII(PPh3) – H+]+: 641.0466. 
 
[(N2S2)PdIIMe(PPh3)](OTf), 6. A 0.5 mL MeCN solution of 2eq. of PPh3 (8.2 mg, 31.2 
μmol) was added dropwise to an MeCN solution (2 mL) of [(N2S2)PdIIMe]2(OTf)2 (17.0 
mg, 15.6 μmol) while stirring. Solution changed color from orange to light yellow 
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immediately. After 0.5 h, the mixture was set up for crystallization with diethyl ether vapor 
diffusion at room temperature. Square shaped colorless crystalline formed after 1~2 days. 
Yield: 15.0 mg, 60%. 1H NMR (CD3CN, 300 MHz), δ (ppm): 0.75 (d, J 31P-1H = 3 Hz, 3H, 
Me), 3.94 (br, 2H, CH2), 4.48 (br, 2H, CH2), 4.92 (br, 2H, CH2), 5.30 (br, 2H, CH2), 7.00 
(br, 2H, Py Hmeta), 7.4-7.6 (m, 15H, Ph), 7.77 (br, 1H, Py Hpara). (Note: Another set of Py 
Hmeta and Hpara was buried under the peak of Ph group.) UV-vis (MeCN; λ, nm (ε, M-1 
cm-1)): 292 (1300), ~320 (sh, 430), ~406 (sh, 20). Elemental analysis: found, C 50.67, H 
3.61, N 3.42%; calculated C34H32F3N2O3PPdS3, C 50.59, H 4.00, N 3.47%. ESI-MS (m/z): 
657.0784, calculated for [(N2S2)PdIIMe(PPh3)]+: 657.0779. 
 
[(tBuN4)PdII(tBuNC)2](OTf)2, 8. 2eq. of tBuNC (5.4 μL, 47.7 μmol) was added through a 
microsyringe to an MeCN solution (1 mL) of [(tBuN4)PdII(MeCN)2](OTf)2 (20.1 mg, 24.0 
μmol) while stirring. Solution changed color from blue to pink immediately. After 0.5 h, 
the solvent was removed under vacuum. The resulting pink crystalline solid was dried 
under vacuum. Yield: 22.0 mg, 100%. 1H NMR (CD3CN, 300 MHz), δ (ppm): 1.46 (s, 18H, 
tBu-NC), 1.47 (s, 18H, tBu-N4), 3.57 (d, J = 17.1 Hz, 4H, CH2), 4.64 (d, J = 17.4 Hz, 4H, 
CH2), 7.31 (d, J = 8.1 Hz, 4H, Py Hmeta), 7.85 (t, J = 8.1 Hz, 2H, Py Hpara). UV-vis (MeCN; 
λ, nm (ε,M-1 cm-1)): 489 (70), 343 (sh, 250). Elemental analysis: found, C 44.08, H 4.93, N 
8.98%; calculated C34H50F6N6O6PdS2, C 44.23, H 5.46, N 9.10%. ESI-MS (m/z): 229.0833, 
calculated for [(tBuN4)PdII]2+: 229.0831; 270.6199, calculated for [(tBuN4)PdII(tBuNC)]2+: 
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270.6199; 312.1567, calculated for [(tBuN4)PdII(tBuNC)2]2+: 312.1566; 773.2652, 
calculated for [(tBuN4)PdII(tBuNC)2](OTf)+: 773.2652. 
 
[(N2S2)PdI(μ-tBuNC)]2(ClO4)2, 9. Electrochemical reduction of [(N2S2)PdII(tBuNC)] 
(OTf)2 (27.7 mg, 36.3 μmol) was performed in 10 mL MeCN at RT under N2 atmosphere. 
The color changed from red to yellowish orange during the electrolysis. After the charge 
corresponding to 1e- reduction has passed, the electrolysis was stopped and the solution 
was concentrated to ~1 mL under vacuum. The resulted orange solution was stored at -35 
ºC for several days. Orange needle shaped crystal was collected by filtration, and washed 
with pentane. Yield: 6.3 mg, 30%. 1H NMR (CD3CN, 300 MHz), δ (ppm): 0.75 (s, 18H, 
tBu), 4.55 (d, J = 15.9 Hz, 8H, CH2), 4.95 (br, J = 15.9 Hz, 8H, CH2), 7.30 (d, J = 6.9 Hz, 
8H, Py Hmeta), 7.70 (t, br, J = 7.2 Hz, 4H, Py Hpara). UV-vis (MeCN; λ, nm (ε,M-1 cm-1)): 
365 (3400). Elemental analysis: found, C 42.12, H 4.13, N 8.90%; calculated 
C40H48Cl2N6O8Pd2S4.1.5CH3CN, C 42.53, H 4.36, N 8.65%. ESI-MS (m/z): 463.0359, 
calculated for [(N2S2)PdI(tBuNC)]+: 463.0368. 
 
5.2.2 Physical Measurements 
General. 1H (300.121 MHz) NMR spectra were recorded on a Varian Mercury-300 
spectrometer. Chemical shifts are reported in ppm and referenced to residual solvent 
resonance peaks. Abbreviations for the multiplicity of NMR signals are s (singlet), d 
(doublet), t (triplet), q (quartet), sep (septet), m (multiplet), br (broad). UV-vis spectra were 
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recorded on a Varian Cary 50 Bio spectrophotometer. EPR spectra were recorded on a 
JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in MeCN : PrCN (v : v = 1 : 3) at 77 K. 
Simulation of EPR spectra were performed using WinEPR SimFonia v. 1.25. Elemental 
analyses were carried out by the Columbia Analytical Services Tucson Laboratory. 
ESI-MS experiments were performed on a Bruker Maxis QTOF mass spectrometer with an 
electron spray ionization source. ESI mass-spectrometry was provided by Washington 
University Mass Spectrometry Resource, a NIH Research Resource (Grant No. 
P41RR0954). 
 
Electrochemical Measurements. Electrochemical grade Bu4NClO4 from Aldrich was used 
as the supporting electrolyte. Cyclic voltammetry was performed with a BASi EC Epsilon 
electrochemical workstation or a CHI 660D Electrochemical Analyzer. Electrochemical 
measurements were carried out under a flow of nitrogen, and the analyzed solutions were 
deaerated by purging with nitrogen. For cyclic voltammetry studies, a glassy carbon 
electrode (GCE, d = 1.6 mm) was used as the working electrode, while a Pt wire was used 
as the auxiliary electrode. The non-aqueous reference electrode containing Ag/0.01 M 
AgNO3 in 0.1 M Bu4NClO4/MeCN was calibrated against Fc; the potential of the Fc+/Fc 
couple vs. Ag/0.01 M AgNO3/0.1 M Bu4NClO4/MeCN reference electrode is +0.105 V. 
Controlled potential electrolysis was performed using a two-compartment cell with a 
fine-porosity glass frit junction. Reticulated vitreous carbon was used as the working 
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electrode, while platinum gauze (25 mm × 10 mm) and Ag/AgCl wire were used as the 
auxiliary and the pseudo reference electrode, respectively.  
 
EPR Studies of the Formation of Pd(I) Species. An EPR tube was charged with a 
solution of Pd complex in MeCN : PrCN (v : v = 1 : 3) and cooled down to -70 ºC. Another 
solution containing 1 equiv of chemical reducing agent in the same solvent mixture was 
quickly added via a microsyringe, followed by a quick shake of the tube. Then the sample 
was frozen in the liquid nitrogen. An initial EPR spectrum was taken at 77 K. If necessary, 
the sample was then carefully warmed up for 10-30 s to allow for a complete reaction to 
occur, quickly refrozen, and the EPR spectrum was recorded again. The warming up step 
could be for several times. 
 
5.2.3 Computational Studies 
The density functional theory (DFT) calculations were performed with the program 
package Gaussian 09.37, 38 The B3LYP functional was employed,39, 40 and the Stevens 
(CEP-31G)41, 42 valence basis set and effective core potential were used for Pd,43, 44 which 
have been shown previously to reproduce well experimental parameters of Pd complexes.45, 
46 Single point calculations were performed on the proposed coordinates of the cations of 
4-PdI, κ4-8-PdI, and κ2-8-PdI, based on the crystallographic coordinates of the cations of 4, 
8, and proposed κ2-8, respectively. The ground state wavefunctions were investigated by 
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analysis of the frontier MOs (Appendix C), and the atomic contributions to MOs were 
calculated using the program Chemissian.47  
 
5.2.4 X-ray Diffraction Studies 
Crystals of X-ray diffraction quality were obtained by slow anhydrous diethyl ether vapor 
diffusion into acetonitrile solutions. Suitable crystals of appropriate dimensions were 
mounted on Mitgen loops in random orientations. Preliminary examination and data 
collection were performed using a Bruker Kappa Apex-II Charge Coupled Device (CCD) 
Detector system single crystal X-ray diffractometer equipped with an Oxford Cryostream 
LT device. Data were collected using graphite monochromated Mo Kα radiation (λ= 
0.71073 Å) from a fine focus sealed tube X-ray source. Preliminary unit cell constants were 
determined with a set of 36 narrow frame scans. Typical data sets consist of a combination 
of ϖ and φ scan frames with typical scan width of 0.5° and counting time of 15-30 
seconds/frame at a crystal to detector distance of ~4.0 cm. The collected frames were 
integrated using an orientation matrix determined from the narrow frame scans. Apex II 
and SAINT software packages were used for data collection and data integration.48 
Analysis of the integrated data did not show any decay. Final cell constants were 
determined by global refinement of reflections from the complete data set. Data were 
corrected for systematic errors using SADABS based on the Laue symmetry using 
equivalent reflections.48  
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5.3 Results and Discussion 
5.3.1  Synthesis and Structures 
A series of complexes of [(N2S2)PdII(MeCN)]2(OTf)4 (1), [(N2S2)PdIIMe]2(OTf)2 (2), and 
[(N2S2)PdIICl](OTf) (3) were synthesized by following the same procedures in Chapter 3 
and 4. 24, 34 After adding 2 equiv of tBuNC or PPh3 to the MeCN solution of 1 respectively, 
the corresponding [(N2S2)PdII(tBuNC)](OTf)2 (4) and [(N2S2)PdII(PPh3)](OTf)2 (5) 
complexes were isolated as red crystals (Scheme 5.1). The X-ray crystal structures of 4 and 
5 reveal that Pd(II) centers are in a distorted square pyramidal geometry with both tBuNC 
and PPh3 ligands replacing the MeCN molecule in the equatorial position, while the N2S2 
ligand remains in the unusual κ3 conformation (Figure 5.1).34 A significant intramolecular 
π-π interaction between two pyridine rings was still observed, with the pyridine ring 
centroid-centroid interplanar distance of 3.44 Å and 3.65 Å for 4 and 5 resepectively.49 
However, by contrast to the dinuclear complexes 1 and 2, the expected d8-d8 interactions in 
4 and 5 were no longer supported, due to the steric effect from the tBu and Ph groups. The 
bond lengths of Pd–Save (2.343 Å for 4, and 2.330 Å for 5) are comparable to that of 1 and 
2, while the angle of the pyridine ring tilted vs the Pd–Nax bond for 5 (52.8º) is small than 
that of 4 (54.9º), consistent with the shorter bond length of Pd–Nax (2.459 Å) in 5 than that 
of 4 (2.573 Å). However, this κ3 conformation in 5 could slowly change to κ2 when in 
MeCN solution. The UV-vis spectrum of freshly prepared MeCN solution of 5 (0.9 mM) 
exhibits an absorption band at 503 nm; over the time course of several hours, the peak 
intensity decays and yields a shoulder around 485 nm (Figure 5.2). A diluted solution (0.09 
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mM) gave no sign of 503 nm band either. The blue shift of the visible band suggests that it 
is likely that when in solution, because of the fluctuation of PPh3 ligand, the N–N–P will 
become the equatorial plane, while two S atoms are weakly (or not) interacting with the Pd 
center from the axial position. And this conformation change process could be facilitated 
when the complex is surrounded by coordinating solvent. In addition, as indirectly 
supported by the comparable bond lengths of Pd–N1 to Pd–N2 in 5, the conformation 
change barrier may be easily overcome.  
 
Scheme 5.1 Synthesis and reduction of the (N2S2)PdII complexes. 
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Interestingly, when adding 2 equiv of PPh3 to the MeCN solution of 2, an almost colorless 
crystal of [(N2S2)PdIIMe(PPh3)](OTf) (6) was isolated. The X-ray crystal structure shows a 
square-planar coordination at the Pd(II) center, with cis-positioned methyl and PPh3 groups, 
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as well as a typical κ2 conformation of N2S2 (Figure 5.1). 22, 32, 50 This conformation 
change from κ3 to κ2 in presence of PPh3 for 6 further confirms the possibility of slow 
conformation change observed in the UV-vis spectra of 5. The bond lengths of Pd–C 
(2.047 Å) and Pd–Nave (2.158 Å) are similar to (N2S2)PdIIMe2, and the Pd–P bond distance 
(2.250 Å) is also comparable to other reported values.51, 52 
 
 
 
 
4 5 6 
Figure 5.1 ORTEP diagram for 4, 5, and 6 with 50% thermal ellipsoids (the OTf- 
counteranions and H atoms were omitted for clarity). Selected bond distances (Å) for 4: 
Pd1–C15 1.935(9), Pd1–S1 2.349(3), Pd1–S2 2.336(2), Pd1–N1 2.041(7), Pd1…N2 
2.573(7); for 5: Pd1–P1 2.2670(9), Pd1–S1 2.3256(9), Pd1–S2 2.3344(9), Pd1–N2 2.082(3), 
Pd1–N1 2.459(3); and for 6: Pd1–N1 2.1662(14), Pd1–N2 2.1492(13), Pd1–C1 2.0466(15), 
Pd1–P1 2.2495(4). 
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Figure 5.2 a) UV-vis spectra of 5 in MeCN. b) The blow up of 400–800 nm in the 
UV-vis spectrum of freshly prepared 0.09 mM of 5 in MeCN. 
 
5.3.2 Characterization of (N2S2)PdI Intermediates 
The cyclic voltammetry (CV) studies of (N2S2)PdII complexes (EpcII/I = -0.36 ~ -1.5 V vs 
Fc) indicate that the Pd(I) oxidation state could be accessed by either chemical or 
electrochemical reduction. The EPR spectra of the reaction mixtures of 1–6 and chemical 
reducing agents all exhibit an axial signal, indicating a (dx2-y2)1 ground state for the Pd(I) 
species. Based on the simulation results, for [(N2S2)PdIX]n+ (X = Me 2-PdI, Cl 3-PdI, n = 
0; X = MeCN 1-PdI, tBuNC 4-PdI, n = 1) complexes, similar superhyperfine coupling 
constants to axial pyridine N atom on the gz region were detected, respectively (Figure 5.3 
and Table 5.1). It suggests that these species remain square pyramidal geometry with N2S2 
ligand in κ3 conformation. The rhombic features of 2-PdI indicate that there is a slight 
distortion in the equatorial plane. It could be a result of the bigger group of Me than Cl, N 
or C atoms in the other species. While for [(N2S2)PdI(PPh3)]+ species (5-PdI), the absence 
of the N coupling implies that likely after the reduction the coordination environment has 
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changed from square pyramidal to trigonal conformation with κ2 N2S2 (two N atoms) and 
one P atom binding in the xy plane, while the two S atoms are no longer coordinated to the 
Pd center. Similarly, for (N2S2)PdIMe(PPh3) species (6-PdI), no N coupling was observed 
either, in agreement with the κ2 conformation of N2S2 in 6. The g values are all consistent 
with commonly reported Pd(I) d9 species with the gave > 2.0023,53, 54 confirming that the 
unpaired electron resides on the Pd center rather than the ligands.28  
 
Table 5.1 EPR parameters of Pd(I) species. 
Species 
g value Superhyperfine coupling (G) 
gx gy gz A(x,x) A(y,y) A(z,z) 
1-PdI 2.0023 2.0023 2.0870 ND ND AN(1N) = 19.0 
2-PdI 1.9983 2.0085 2.0770 NDa ND AN(1N) = 14.5 
3-PdI 2.0023 2.0023 2.0857 ND ND AN(1N) = 16.0 
4-PdI 2.0023 2.0023 2.0820 ND ND AN(1N) = 19.0 
5-PdI 1.9986 2.0023 2.0993 ND ND ND 
6-PdI 2.0019 2.0032 2.0713 ND ND ND 
7-PdI 1.9965 2.0063 2.0853 ND ND ND 
8-PdI 1.9982 2.0080 2.0810 ND ND ND 
a Not detected. 
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Figure 5.3 Experimental and simulated EPR spectra of reaction mixtures of (N2S2)PdII 
complexes and reducing agents at 77 K: a-e) 1–5 + CoCp2; f) 6 + CoCp*2.  
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In addition, the chemical reduction of the (N2S2)PdII complexes were monitored by UV-vis. 
The UV-vis spectra of the reaction mixtures of 4 and CoCp2 in MeCN at -35 °C exhibits an 
absorption band at 452 nm (Figure 5.4), suggesting the formation of a Pd(I) intermediate 
4-PdI, which was further confirmed by the corresponding EPR spectrum (Figure 5.5). Both 
UV-vis and EPR spectra display a signal decrease of the 4-PdI species within 5 min. The 
decay fitting of the absorbance at 452 nm implies that it is a first order decay with a rate 
constant of 0.656 min-1. This instability of the 4-PdI complex at -35 °C prevented any 
isolation attempt.  
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Figure 5.4 a) UV-vis spectra of the reduction of 4 (0.12 mM, dotted line) with 1 equiv 
CoCp2 in MeCN at -35 ºC: (thick solid line) spectrum at 1 min after adding CoCp2; (thick 
dashed line) spectrum after 5 min; (thin solid line) time interval = 0.4 min. b) The kinetic 
fitting of the absorbance decay at 452 nm. Squares: 0.8 – 1.4 min; circles: 1.4 – 6 min; 
solid line: 1st order decay fitting with the rate constant k = 0.656 min-1 (R2 = 0.998). 
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Figure 5.5 EPR spectra of reaction mixture of 4 and 1 equiv CoCp2 in MeCN at 77 K. 
The incubation times of the reaction mixture at -35 ºC are 2 min (solid line), 2.5 min 
(dashed line), 3.5 min (dotted line), and 5.5 min (dash-dotted line).  
 
Interestingly, the electrochemical reduction of 4 under an inert atmosphere at room 
temperature yields a robust diamagnetic Pd(I) dimer [(N2S2)PdI(μ-tBuNC)]2(ClO4)2 (9), 
which was isolated as orange crystals. The X-ray crystal structure of 9 shows that each Pd(I) 
center is sitting in a six coordinate environment, with one N2S2 ligand in κ3 binding mode, 
two bridging tBuNC ligands, and one Pd(I)-Pd(I) bond: the two N atoms, two tBuNC 
ligands, and one Pd(I)-Pd(I) bond compose the equatorial plane, while the S atom weakly 
interacts in the axial position (Figure 5.6). Overall, an unusual pentagonal pyramidal 
geometry for each Pd(I) center is observed. The bond distance of Pd(I)-Pd(I) (2.7416 Å) is 
slightly longer (0.04–0.14 Å) than the common values of Pd(I)-Pd(I) interactions,29, 55, 56 
and the diamagnetism of 9 further suggests that the two Pd(I) centers couple with each 
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other. While the Pd–Nave bond length is comparable to other (κ2-N2S2)PdII complexes, the 
Pd–S bond (2.6588 Å) is significantly longer than that in 4, due to the following 
conformation change: in 4 the S atoms interact in the square plane; while in 9 the S atom 
takes the axial position, leading to an axial elongation. In addition, the Pd–Cave bond 
distance (2.035 Å) is slightly longer than that in 4, as a result of the bridging ligation of 
tBuNC. The isolation of stable 9 made us wonder if the formation of 9 would involve any 
mononuclear Pd(I) intermediates, which we may be able to trap before the dimerization by 
adding one extra equiv of tBuNC during the electrolysis. However, after the diminishing of 
the bands at 327 nm and 497 nm of 4, the UV-vis spectra display a peak at 365 nm that is 
likely due to 9 (Figure 5.7). The absence of the 452 nm band suggests that the one electron 
reduction process is a rate-determine step while the dimerization of mononuclear Pd(I) 
species is fast. 
 
 
Figure 5.6 ORTEP diagram for 9 with 50% thermal ellipsoids (the ClO4- counteranions 
and H atoms were omitted for clarity). Selected bond distances (Å): Pd1–N1 2.220(2), 
Pd1–N2 2.217(2), Pd1–C15 1.994(3), Pd1–C15_i 2.076(3), Pd1–S1 2.6588(8), Pd1–Pd1_i 
2.7416(5). 
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Figure 5.7 UV-vis spectra during the electrochemical reduction of 0.2 mM of 4 in 0.1 M 
TBAP/MeCN at -35 ºC: (dotted line) initial spectrum of 4 with two bands at 327 and 497 
nm; (dashed line) spectrum after 30 min electrolysis; (thin solid line) time interval = 12 min; 
(thick solid line) final spectrum of 9 after electrolysis. 
 
5.3.3 Reactivity Studies of 2 and 6 
The EPR characterization of the Pd(I) mononuclear species suggests that they are not stable 
at -35 ºC under inert atmosphere. To further investigate the reactivity of organometallic 
Pd(II) complexes, we monitored the reduction reactions of 2 and 6 with CoCp2 and CoCp*2 
respectively, by 1H NMR in acetone-d6 (Table 5.2–5.3). After 2 h at RT, both reactions 
exhibit 7–10 % of (N2S2)PdIIMe2 and 40–50% of N2S2 formation, as well as Pd(0) black 
precipitate and decomposed products. This suggests that one possible reaction route for the 
2-PdI and 6-PdI species is to go through a methyl group transfer/disproportionation 
reaction, which could generate the observed (N2S2)PdIIMe2, N2S2, and Pd(0) products. 
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The unequal yields of (N2S2)PdIIMe2 and N2S2 indicates that due to the high instability, 
most of the Pd(I) species decomposed directly to Pd(0). In order to increase the stability of 
Pd(I) species and reduce the decomposition, the reduction of 2 was performed in presence 
of CO. Interestingly, the coordination of CO to the Pd center significantly reduces the yield 
of (N2S2)PdIIMe2 to 1%, but forms another PdII-Me species which is proposed to be 
[(N2S2)PdIIMe(CO)]+. On the other hand, the presence of CO does not influence the 
product yields of the reduction of 6. This indirectly suggests that the methyl group transfer 
between two 2-PdI species is very likely via a PdI-PdI bond, similar to the methyl group 
transfer mechanism proposed for the oxidation of 2 in Chapter 3. The insertion of CO 
would break the PdI-PdI bond and, thus reduce the yield of (N2S2)PdIIMe2; by contrast, for 
6-PdI a different mechanism might be involved.  
 
Table 5.2 Yieldsa of productsb from the reaction of 2 with 1 equiv CoCp2 in acetone-d6. 
Product Control + CO + 1 equiv MeI + 1 equiv p-I-toluene 
(N2S2)PdIIMe2 7% 1% 11% 12% 
N2S2 40% 19% 15% 30% 
Pd(0) pptc ppt ppt ppt 
(N2S2)PdIIMeI NAd NA 34% 46% 
unreacted iodide NA NA 13% 55% 
[CoIIICp2]+ 90% 96% 95% NDe 
a Using dioxane as internal standard. b Most of the side products could not be identified. c 
Precipitate. d Not applicable. e The [CoIIICp2]+ was not observed in the 1H NMR spectrum. 
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Table 5.3 Yieldsa of productsb from the reaction of 6 with 1 equiv CoCp*2 in acetone-d6. 
Product Control + CO + 1.5 equiv MeI + 1.3 equiv p-I-toluene 
(N2S2)PdIIMe2 10% 10% 11% 3% 
N2S2 52% 76% 58% 44% 
Pd(0) pptc ppt ppt ppt 
PPh3 NMd NM NM NM 
(N2S2)PdIIMeI NAe NA <1% ND 
unreacted 6 8% NDf <1% ND 
unreacted iodide NA NA 145% 84% 
[CoIIICp*2]+ g 14% 64% 100±30% 20% 
a Using dioxane as internal standard. b Most of the side products could not be identified. c 
Precipitate. d Not measurable, due to the overlap with unreacted 6. e Not applicable. f Not 
detected. g The integration of [CoIIICp*2]+ has a large error due to the broadness of the peak 
in the 1H NMR spectrum. 
 
As our group is interested in the organometallic reactivity of Pd(III) and Pd(I) complexes, 
we further investigated the possibilities of oxidative addition of 2-PdI and 6-PdI, by 
reacting them with alkyl or aryl iodide. However, since the rate of methyl group 
transfer/disproportionantion reaction and the decomposition rate of Pd(I) species are much 
faster than the proposed oxidative addition by MeI or p-I-toluene to 2-PdI, the products and 
the corresponding yields are not affected in presence of these iodides, except for N2S2, in 
which case the side product of (N2S2)PdIIMeI is formed from 2 and MeI. This is further 
confirmed by the reduction of 6 in presence of either MeI or p-I-toluene, where the PPh3 
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prevents the formation of (N2S2)PdIIMeI, and unreacted MeI or p-I-toluene were observed. 
Overall, the reduction of 2 or 6 does not yield any C–C bond formation product, and the 
oxidative addition of alkyl or aryl iodide to the transient Pd(I) species under the current 
conditions was not successful.  
 
5.3.4 Comparison to (tBuN4)PdI Species 
Since the tBuN4 ligand was shown to stabilize Pd(III) complexes,19 we are also interested 
the possibility of stabilizing Pd(I) species by this ligand system. This will facilitate the 
understanding of the role played by the Pd(III/I) oxidation states in an organometallic 
catalytic cycle. The [(tBuN4)PdII(tBuNC)2](OTf)2 complex (8) was synthesized by reacting 
2 equiv of tBuNC with [(tBuN4)PdII(MeCN)2](OTf)2 (7) in MeCN, and pink crystal of 8 
was isolated (Scheme 5.2). The X-ray crystal structure reveals that the Pd(II) center is in a 
distorted octahedral coordination environment, similar to the structure of 7:35 tBuN4 is in the 
κ4 conformation with an axial elongation from the two tBuN groups, and the two tBuNC 
ligands are in the cis position of the square plane that is completed by the two pyridine N 
atoms (Figure 5.8). The average bond length of Pd–Npy (2.061 Å) and the average distance 
of Pd…NtBu (2.612 Å) are consistent with the previously reported values of 7, while the 
Pd–Cave distance (1.950 Å) is slightly shorter, due to the different donating ability of 
tBuNC vs. MeCN.  
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Scheme 5.2 Synthesis and reduction of the (tBuN4)Pd complexes. 
 
 
Figure 5.8 ORTEP diagram for 8 with 50% thermal ellipsoids (the OTf- counteranions 
and H atoms were omitted for clarity). Selected bond distances (Å) for 8: Pd1–N1 2.063(2), 
Pd1–N2 2.059(2), Pd1–C23 1.946(3), Pd1–C28 1.954(3), Pd1…N3 2.610, Pd1…N4 2.614. 
 
As previously studied in our group, the electrochemical reduction of 7 yields an EPR silent 
species, which was tentatively assigned to be a [(tBuN4)PdI]22+ dimer, therefore, chemical 
reduction methods were emlpoyed to detect the formation of mononuclear Pd(I) species. 
Upon the chemical reduction of 7 and 8 by 1 equiv CoCp2 at -35 °C in MeCN:PrCN (1:3, 
v:v), the [(tBuN4)PdIX2]+ species (X = MeCN, 7-PdI; X = tBuNC, 8-PdI) were observed by 
EPR (Figure 5.9 and Table 5.1). The axial pattern of the EPR spectra suggests that both 
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Pd(I) centers exhibit a (dx2-y2)1 ground state, and the absence of N superhyperfine coupling 
from the tBuN groups to the Pd(I) center implies that upon the 1e- reduction, the interaction 
with the axial N atoms was further reduced, e.g. the conformation of the tBuN4 ligand might 
change from κ4 to κ2. The DFT calculations of 4-PdI, κ4-8-PdI, and κ2-8-PdI confirmed the 
different interactions between the axial N atom(s) and the Pd(I) center (Table 5.4), as there 
is 5% contribution from the axial pyridine N atom in 4-PdI, consistent with the observed 
superhyperfine coupling in the EPR spectrum of 4-PdI, while for both κ4 and κ2 
conformation of 8-PdI, no contribution from axial N atoms were suggested. Though the 
EPR signal intensity of 4-PdI and 8-PdI is much stronger than 1-PdI and 7-PdI, 
respectively, suggesting that the presence of tBuNC ligand could significantly stabilize the 
Pd(I) center, both PdI-tBuNC species are still not stable enough to be isolated. 
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Figure 5.9 Experimental and simulated EPR spectra of reaction mixtures of (tBuN4)PdII 
complexes and CoCp2 at 77 K: a) 7 + CoCp2; b) 8 + CoCp2. 
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Table 5.4 Comparison of the β lowest unoccupied molecular orbitals (LUMOs) of 4-PdI, 
κ4-8-PdI, and κ2-8-PdI complexes. 
4-PdI κ4-8-PdI κ2-8-PdI 
   
 
5.4 Conclusion 
In summary, reported herein is the characterization of a series of unstable (N2S2)PdI and 
(tBuN4)PdI complexes. We have shown that the Pd(I) oxidation state is accessible for all the 
studied Pd complexes via either chemical or electrochemical reduction. EPR and UV-vis 
results provide direct evidence for the presence of Pd(I) intermediates. A series of isonitrile 
and phosphine ligands were employed to improve the stability of these intermediates. 
However, the preference of formation of Pd(I) dinuclear complexes and the high reactivity 
of mononuclear Pd(I) species prevent any isolation attempts. In addition, the instability of 
the Pd(I) center under different coordination numbers of 4, 5, and 6 with corresponding 
geometries of square planar, square pyramidal, and distorted octahedral in our current 
ligand systems of N2S2 or tBuN4 suggests that these ligands might not be suitable to 
stabilize Pd(I) species. To further investigate the stabilization conditions and explore the 
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potential catalytic reactivity of Pd(I) complexes, other variations of ligands would be the 
focus of our research in the near future. 
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(N4)Fe Complexes  
and Their Water Oxidation Catalytic Studies 
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6.1  Introduction 
In the past several decades, tremendous research efforts have been devoted to the 
development of alternative energy sources such as solar, biomass, and hydro power, etc.1 
Considering its low emission and high efficiency, the H2 fuel is one of the most desirable 
energy sources. So far, the water splitting process along with the solar cell system is 
believed to be one of the most promising approaches to produce H2 fuel.2 However, the 
multielectron process of water splitting remains an unsolved challenge, due to the lack of 
efficient catalysis systems for the two half reactions, and especially for water oxidation.3-5 
Despite the development of artificial photosystems and heterogenerous photocatalytic 
materials employing Ru and Ir metals,6-10 their scarcity prevents them to be scaled up. 
Therefore, it is necessary to develop water oxidation catalysts (WOCs) based on the first 
row transition metals. Since 2004 when the structure of Oxygen Evolving Center (OEC) in 
Photosystem II (PS II) was revealed,11 artificial cubic Mn complexes were synthesized and 
tested for water oxidation. 12, 13 Meanwhile, Nocera’s group introduced the 
electrochemically active heterogeneous Co and Ni WOCs under benign conditions,14-16 
while the homogeneous Fe complexes were later discovered to be promising WOCs upon 
chemical oxidation as well.17-19 As suggested by Costas et al., the active Fe complexes are 
those with the ligand frameworks that have neutral tetradentate N atoms and two cis free 
coordination sites.18 In order to test if this statement is generally true as well as to explore 
other potential ligand systems, herein we synthesized a series of Fe(II) complexes 
employing various N,N’-di-alkyl-2,11-diaza[3.3](2,6)pyridinophane (N4) ligands, 
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characterized their electronic properties, and investigated their catalytic abilities toward 
water oxidation.  
 
6.2 Experimental Section 
6.2.1 Ligand and Complex Syntheses 
Reagents and Materials. All manipulations were carried out under a nitrogen atmosphere 
using standard Schlenk and glove box techniques if not indicated otherwise. All chemicals 
were commercially available from Aldrich, Fisher, or VWR, and were used as received 
without further purification. N4 ligands (N4 = N,N’-di-alkyl-2,11-diaza[3.3](2,6)- 
pyridinophane, tBuN4, MeN4, MeN4OMe, MeHN4, TsHN4),20-23 and [(tBuN4)FeII(MeCN)2](OTf)2 
(1) were prepared according to the literature procedures.24 Solvents were purified prior to 
use by passing through a column of activated alumina using an MBraun solvent 
purification system. 
 
[(MeN4)FeII(MeCN)2](OTf)2, 2. A solution of MeN4 (30.0 mg, 0.112 mmol) and Fe(OTf)2 
(39.6 mg, 0.112 mmol) in 4 mL of MeCN was stirred at RT overnight. The resulting brown 
solution was filtered through Kimwipe and the filtrate was concentrated by evaporating the 
solvent to 1~2 mL. Crystallization was set up by anhydrous diethyl ether vapor diffusion at 
-35 ºC for 1 week. The resulting dark red crystals were filtered off, washed with ether and 
pentane, dried in an opened vial under N2 atmosphere for 1 day without applying vacuum. 
Yield: 70.0 mg, 89%. UV-vis (H2O; λmax, nm (ε, M-1 cm-1)): 780 (30), 420 (440). 1H NMR 
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and UV-vis are identical to the literature.25 Elemental analysis: found, C 37.37, H 3.23, N 
11.79%; calculated C22H26F6FeN6O6S2, C 37.51, H 3.72, N 11.93%. ESI-MS (m/z): 
359.0723, calculated for [(MeN4)FeIICl]+: 359.0726. (Note: the Cl- ion may come from the 
ESI-MS system.) 
 
[(MeN4OMe)FeII(MeCN)2](OTf)2, 3. A solution of MeN4OMe (30.0 mg, 91.4 μmol) and 
Fe(OTf)2 (32.3 mg, 91.4 μmol) in 3 mL of MeCN was stirred at RT overnight. The 
resulting brown solution was filtered through Kimwipe and the filtrate was concentrated by 
evaporating the solvent to 1~2 mL. Crystallization was set up by anhydrous diethyl ether 
vapor diffusion at -35 ºC for 1 week. The resulting dark red crystals were filtered off, 
washed with ether and pentane, dried in an opened vial under N2 atmosphere for 1 day 
without applying vacuum. Yield: 42.4 mg, 61%. UV-vis (H2O; λmax, nm (ε, M-1 cm-1)): 800 
(8), 397 (sh, 155). Elemental analysis: found, C 36.56, H 3.56, N 9.88%; calculated after 
loss of one CH3CN molecule C22H27F6FeN5O8S2, C 36.52, H 3.76, N 9.68%. ESI-MS (m/z): 
419.0932, calculated for [(MeN4OMe)FeIICl]+: 419.0937. (Note: the Cl- ion may come from 
the ESI-MS system.)  
 
[(MeHN4)FeII(MeCN)2](OTf)2, 4. A solution of MeHN4 (30.0 mg, 0.118 mmol) and 
Fe(OTf)2 (41.8 mg, 0.118 mmol) in 4 mL of MeCN was stirred at RT overnight. The 
resulting brown solution was filtered through Kimwipe and the filtrate was concentrated by 
evaporating the solvent to 1~2 mL. Crystallization was set up by anhydrous diethyl ether 
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vapor diffusion at -35 ºC for 1 week. The resulting dark red crystals were filtered off, 
washed with ether and pentane, dried in an opened vial under N2 atmosphere for 1 day 
without applying vacuum. Yield: 54.5 mg, 67%. 1H NMR (CD3CN, 300 MHz), δ (ppm): 
2.77 (s, 3H, N-Me), 3.51 (br, 1H, N-H), 3.99 (d, J = 16.8 Hz, 2H, CH2), 4.06 (d, J = 20.7 
Hz, 2H, CH2), 4.13 (q, J = 16.5 Hz, 2H, CH2), 4.35 (d, J = 17.1 Hz, 2H, CH2), 7.36 (d, J = 
9.3 Hz, 2H, Py Hmeta), 7.39 (d, J = 9.3 Hz, 2H, Py Hmeta), 7.69 (t, J = 8.1 Hz, 2H, Py Hpara). 
(Note: the two doublet peaks at 3.99 and 4.06 ppm are overlap to some degree.) UV-vis 
(H2O; λmax, nm (ε, M-1 cm-1)): 779 (20), 408 (540). Elemental analysis: found, C 37.34, H 
3.17, N 13.05%; calculated C21H24F6FeN6O6S2 . CH3CN, C 37.77, H 3.72, N 13.40%. 
ESI-MS (m/z): 345.0559, calculated for [(MeHN4)FeIICl]+: 345.0569. (Note: the Cl- ion may 
come from the ESI-MS system.) 
 
[(TsHN4)FeII(MeCN)2](OTf)2, 5. A solution of TsHN4 (30.0 mg, 76.0 μmol) and Fe(OTf)2 
(26.9 mg, 76.0 μmol) in 3 mL of MeCN was stirred at RT overnight. The resulting green 
solution was filtered through Kimwipe and the filtrate was concentrated by evaporating the 
solvent to 1 mL. Crystallization was set up by anhydrous diethyl ether vapor diffusion at 
-35 ºC for 1 week. The resulting green crystals were filtered off, washed with ether and 
pentane, dried in an opened vial under N2 atmosphere at RT for 30 min without applying 
vacuum, and stored at -35 ºC. (Note: if the drying time is longer than 1 h, the solid will 
change color from green to white, due to the loss of MeCN molecules.) Yield: 30 mg, 47%. 
UV-vis (H2O; λmax, nm (ε, M-1 cm-1)): 762 (40), 497 (sh, 150), 390 (sh, 430). Elemental 
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analysis: found, C 37.42, H 2.65, N 8.33%; calculated C27H26F6FeN6O8S3, C 39.04, H 3.40, 
N 10.12%, and calculated after loss of two CH3CN molecules C23H22F6FeN4O8S3, C 36.91, 
H 2.96, N 7.49%. (Note: The mismatch of the elemental analysis results to the calculated 
values is due to the different degree of the loss of MeCN molecules.) ESI-MS (m/z): 549.1, 
calculated for [(TsHN4)FeII(MeCN)2(OH)]+: 549.1. 
 
6.2.2 Physical Measurements 
General. 1H (300.121 MHz) NMR spectra were recorded on a Varian Mercury-300 
spectrometer. Chemical shifts are reported in ppm and referenced to residual solvent 
resonance peaks. UV-vis spectra were recorded on a Varian Cary 50 Bio spectrophotometer. 
EPR spectra were recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in 
PrCN : MeCN (3 : 1, v : v) glass at 77 K. Elemental analyses were carried out by the 
Intertek Goup plc.. ESI-MS experiments were performed by a Bruker Maxis QTOF mass 
spectrometer with an electron spray ionization source (ESI mass-spectrometry was 
provided by Washington University Mass Spectrometry Resource, a NIH Research 
Resource. Grant No. P41RR0954). Solution state magnetic susceptibility at room 
temperature was obtained by the Evans method in CD3CN using a 300 MHz NMR 
spectrometer.26 Susceptibilities were corrected for the diamagnetic contribution by using 
Pascal’s constants.27  
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Electrochemical Measurements. Electrochemical grade Bu4NPF6 from Aldrich was used 
as the supporting electrolyte. Cyclic voltammetry was performed with a BASi EC Epsilon 
electrochemical workstation. Electrochemical measurements were carried out under a flow 
of nitrogen, and the analyzed solutions were deaerated by purging with nitrogen. A glassy 
carbon electrode (GCE, d = 3 mm) was used as the working electrode, while a Pt wire was 
used as the auxiliary electrode. The non-aqueous reference electrode containing Ag/0.01 M 
AgNO3 in 0.1 M Bu4NClO4/MeCN was calibrated against Fc; the potential of the Fc+/Fc 
couple vs. Ag/0.01 M AgNO3/0.1 M Bu4NClO4/MeCN reference electrode is +0.195 V. 
 
6.2.3 X-ray Diffraction Studies 
Crystals of X-ray diffraction quality of 2–5 were obtained by anhydrous diethyl ether vapor 
diffusion into an acetonitrile solution for each complex at -35 ºC, respectively. Preliminary 
examination and data collection were performed using a Bruker Kappa Apex-II Charge 
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with 
an Oxford Cryostream LT device. Data were collected using graphite monochromated Mo 
Kα radiation (λ= 0.71073 Å) from a fine focus sealed tube X-Ray source. Apex II and 
SAINT software packages28 were used for data collection and data integration. Data were 
corrected for systematic errors using SADABS based on the Laue symmetry using 
equivalent reflections.28 Structure solutions and refinement were carried out using the 
SHELXTL- PLUS software package.29 
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6.3 Results and Discussion 
6.3.1  Synthesis and Structures 
Scheme 6.1 Synthesis of the (N4)Fe complexes. 
 
 
 
 
 
1 2 3 
 
 
4 5 
Figure 6.1 ORTEP diagram for 1–5 with 50% thermal ellipsoids (the OTf- counteranions 
and H atoms were omitted for clarity). 
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Upon reacting FeII(OTf)2 with 1 equiv of various analogues of RN4 ligands, a series of 
(RN4)FeII complexes were synthesized (Scheme 6.1). X-ray quality crystals for complex 
[(tBuN4)FeII(MeCN)2](OTf)2 (1), [(MeN4)FeII(MeCN)2](OTf)2 (2), [(MeN4OMe)FeII- 
(MeCN)2](OTf)2 (3), [(MeHN4)FeII(MeCN)2](OTf)2 (4), and [(TsHN4)FeII(MeCN)2](OTf)2 (5) 
were obtained by slow diffusion of anhydrous diethyl ether into concentrated solutions in 
MeCN, respectively (Figure 6.1). All Fe complexes reveal a distorted octahedral geometry 
with the metal center coordinated to two pyridines and two amines of the RN4 ligands, and 
the axial elongation with Fe–Namine bond lengths longer than Fe–Npy distance (Table 6.1). 
Kress et al. performed a structural comparison between a series of (tBuN4)MCl2 and 
(MeN4)MCl2 complexes, suggesting that due to the presence of the bulky tBu substituents 
the macrocyclic ring in (tBuN4)MCl2 complexes is significantly “twisted” and orients the 
two tBu groups in opposite directions and leads to a nonorthogonality of the Py rings 
relative to the mean equatorial plane of the complex, by contrast to their significantly more 
symmetrical MeN4 analogues.30, 31 Similar structural variations were observed for 
complexes 1–5 in this work. In particular, complex 1 and 5 with bulky groups of tBu and Ts 
exhibit the “twisted” geometries, while 2–4 display more symmetrical structures. Moreover, 
when comparing to the complexes of the symmetric N4 ligands, the bulky tBu groups in 1 
lead to longer Fe–Namine bonds (average 2.149 Å) than in 2 (average 2.056 Å), and the 
presence of MeO groups in 3 results also in a slightly longer Fe–Namine (average 2.079 Å) 
than 2, suggesting that both the steric and electronic effects could influence the interaction 
between the ligand and the metal center, but with a stronger influence from the steric effect. 
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A similar steric effect was also observed in complexes 4 and 5 that have asymmetric N4 
ligands, as the bond distances of Fe–NMe (2.058 Å) in 4 and Fe–NTs (2.155 Å) in 5 are 
generally longer than Fe–NH (2.041 Å for 4 and 2.016 Å for 5), respectively. 
 
Table 6.1 Selected bond distances (Å) for complexes 1–5. 
Complex Fe1–N1 Fe1–N2 Fe1–N3 Fe1–N4 Fe1–N5 Fe1–N6 
1 1.8965(15) 1.9013(16) 2.1456(16) 2.1522(16) 1.9418(16) 1.9496(17) 
2 1.890(9) 2.060(13) 2.051(12) 1.930(9) 1.930(9) a 1.890(9) b 
3 1.8976(10) 1.9096(10) 2.0854(11) 2.0733(11) 1.9380(11) 1.9276(11) 
4 1.890(2) 1.895(2) 2.041(2) 2.058(2) 1.933(2) 1.934(2) 
5 1.891(5) 1.903(5) 2.155(5) 2.016(5) 1.942(6) 1.938(6) 
a Fe1–N4’. b Fe1–N1’. 
 
6.3.2 Characterization of Electronic Properties 
Magnetic Properties. Interestingly, while the MeCN solutions of 1 and 5 exhibit green 
color, the MeCN solutions of 2–4 are red. The color difference indirectly suggests that 
these complexes may have different spin states, as reported in the literature.32 Indeed, the 
1H NMR spectra of these complexes indicate that 2 and 4 are diamagnetic (Appendix A),25 
while 1 and 5 are paramagnetic, whose effective magnetic moments were further measured 
by Evans method in CD3CN at room temperature (Table 6.2).24 The μeff values of 4.42 μB 
and 4.25 μB for 1 and 5, respectively, are lower than the spin-only magnetic moment for 
high-spin Fe(II) complexes (4.90 μB), suggesting that both high spin and low spin species 
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are likely present in solution at RT. The 1H NMR spectrum of 3, however, exhibits 
paramagnetic features in the aromatic region, while the effective magnetic moment is too 
small to be detected by the Evans method. It is likely that the small degree of 
paramagnetism of 3 is due to the presence of MeO group, which could vary the ligand field, 
and thus influence the d electrons configuration of the Fe center. The intermediate 
magnetism of 3 is in agreement with the trend of the average bond distances of Fe-Namine in 
1 (2.149 Å), 2 (2.056 Å), and 3 (2.079 Å). 
 
Table 6.2 Selected physical properties of 1–5. 
Complexes UV-vis (H2O), λ, nm (ε, M-1 cm-1) E1/2II/III, V (ΔEp, mV) a μeff (μB) b
1 744 (80), 531 (sh, 110), 382 (sh, 4630) +0.73 (163) 4.42 
2 780 (30), 420 (440) +0.66 (141) NA c 
3 800 (8), 397 (sh, 155) +0.53 (133) ND d 
4 779 (20), 408 (540) +0.59 (83) NA 
5 762 (40), 497 (sh, 150), 390 (sh, 430) +0.89 (95) 4.25 
a Measured vs Fc+/Fc by CV in 0.1 M Bu4NPF6/MeCN, scan rate 100 mV/s; ΔEp is the 
peak potential separation for the FeII/III couple. b Evans method, 298 K, in CD3CN. c Not 
applicable. d Not detected. 
 
UV-vis Properties. As previously reported by our group, an MeCN solution of 1 exhibits a 
distinct d-d transition at 669 nm that is responsible for the characteristic green color of the 
solution.24 However, when dissolving in H2O, a red shift of the d-d transition band at 744 
nm was observed, likely due to the replacement of the MeCN molecules by the water 
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solvent molecules. As the ligand environment changed, the two intense MLCT bands of 1 
at 354 and 396 nm in MeCN were shifted and one MLCT band at 382 nm showed up in 
water instead. Similarly, the aqueous solution of complexes 2–5 all exhibit the weak d-d 
transitions in the 760–800 nm range, as well as MLCT bands around 400 nm (Table 6.2). 
The similarity of the absorption band position and intensity of 2 and 4 suggest that the 
steric difference between N-Me and N-H will not vary the ligand field dramatically. On the 
other hand, the obvious difference of the bands shift in 2 and 3 indicates that the electronic 
effects from the MeO group have a more significant influence.   
 
Electrochemical Properties. The cyclic voltammetry (CV) studies of complexes 1–5 are 
summarized in Table 6.2. All Fe complexes feature either a quasireversible or reversible 
oxidation wave of Fe(II/III) redox couple in the range of 0.5–0.9 V (vs. Fc+/Fc). The trend 
of 5 having the highest potential, followed by 1, 2, and 4, suggests that the steric effect of 
the N-R groups (tosyl > tBu > Me > H) has a significant influence on the redox potential, 
as the more bulky the R group is, the more difficult the N-R motifs could move close to the 
Fe centers, thus requiring a more positive potential to overcome the energy barrier. This 
argument could be further supported by the increased redox reversibility of 4 as compared 
to 1–3, since the less bulky groups require a limited conformational change during the 
redox process. Though the presence of tosyl group in 5 raises the redox potential of 
Fe(II/III), the small H group could compensate the bulky effect from the tosyl group and 
make it reversible. Moreover, for 3 the addition of an electron donating MeO group in the 
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para position of the pyridine donor, could increase the accessibility to high oxidation states 
and thus reduce the oxidation potential, but not improve the reversibility of the redox 
couple, as shown in Figure 6.2.   
1.0 0.5 0.0
E vs Fc (V)
 1
 2
 3
 4
 5
20 μA
 
Figure 6.2 CVs of 1 mM of 1–5 in 0.1 M Bu4NPF6/MeCN. Scan rate = 100 mV/s. 
 
6.3.3 Water Oxidation Studies 
Recently, Costas et al. found that the active Fe complexes for water oxidation catalysis are 
those with the ligand frameworks that have neutral tetradentate N atoms and two cis free 
coordination sites.18 Since 1–5 fulfill the structural requirements suggested by Costas, we 
investigated the catalytic abilities of these complexes towards water oxidation upon 
chemical oxidation by excess cerium(IV) ammonium nitrate (CAN) at pH 1. Costas 
reported that upon addition of excess CAN to (Me2PyTACN)FeII(OTf)2 in an aqueous 
solution, a 776 nm band in the UV-vis spectrum was observed, which is assigned to be 
from a (Me2PyTACN)FeIV=O species.18 In our case, the oxidation of 1 with CAN showed 
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similar bands at 839 nm that could be resulted from (tBuN4)FeIV=O species (Figure 6.3). 
But different from (Me2PyTACN)FeIV=O that lasts only a few seconds, the (tBuN4)FeIV=O 
species dies slowly during the course of one hour, along with a slow formation of O2 
bubbles from the UV-vis cell. This kinetic correlation between the decay rate of the 
Fe(IV)=O species and the formation rate of O2 is in agreement with Costas’ suggestion that 
the water oxidation catalytic cycle might involve Fe(V) as the catalytically active oxidation 
state, while Fe(IV)=O is a precursor to Fe(V) and thus the more stable the Fe(IV)=O is, the 
less efficient the catalyst might be.  
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Figure 6.3 UV-vis spectra of the oxidation of 1 (0.4 mM) by 90 equiv CAN in H2O at RT. 
The peak marked with an asterisk is an artifact from the UV-vis instrument.   
 
In the meantime, the UV-vis studies of 2 and 3 with excess CAN exhibit similar absorption 
bands at 822 and 824 nm, corresponding to (MeN4)FeIV=O and (MeN4OMe)FeIV=O species, 
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respectively (Figure 6.4). Both species die within a couple of hours following a first order 
decay with rate constants of 0.0269 and 0.0401 min-1 respectively (Figure 6.5). At the same 
time, a much stronger O2 bubbles formation than the reaction with complex 1 were 
observed as well, which were further measured by an O2 fluorescent probe separately 
(Figure 6.6). Based on the results of the amount of O2 produced, the turnover number (TON) 
and the turnover frequency (TOF) were calculated to be 3 and 16 TON h-1 for 2, and 5.3 
and 15 TON h-1 for 3, respectively. Interestingly, the reaction with 2 requires an induction 
period after adding CAN, while for 3 O2 was produced immediately upon addition of CAN. 
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Figure 6.4 In situ UV-vis spectra of the oxidation of a) 2 (2 mM) and b) 3 (2 mM) with 
18 equiv CAN in H2O at RT: before adding CAN (dotted line); the initial spectrum after 
adding CAN (thick solid red line); the decay spectra with the time interval of 10 min (thin 
solid lines).  
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Figure 6.5 The kinetic 1st order decay fitting of the absorbance at a) 822 nm for 2 (k = 
0.0269 min-1, R2 = 0.987) and b) 824 nm for 3 (k = 0.0401 min-1, R2 = 0.972).  
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Figure 6.6 The time dependent TON measurements by detecting the amount of produced 
O2 from water oxidation catalysis: a) 2 with 57 equiv CAN, and b) 3 with 80 equiv CAN.  
 
The improved performance for 2 versus 1 suggests that a less bulky R (Me vs tBu) group 
on the amine N donors could facilitate the water oxidation ability, likely due to the easiness 
of the N atoms to get closer to the Fe center upon reaching the higher oxidation states. One 
the other hand, the increased efficiency of 3 versus 2, might be due to that the presence of 
186 
 
an electron donating MeO group that could further stabilize the higher oxidation states. 
However, the decay rates of these species are still less desirable than the reported 
(Me2PyTACN)Fe system. In addition, the instability of 4 and 5 in an acidic environment 
leads to the decomposition of the complex (Figure 6.7) and prevents further investigation 
of their catalytic ability toward water oxidation. Though the conditions of having a ligand 
framework that have neutral tetradentate N atoms and two cis free coordination sites might 
be necessary for an efficient water oxidation catalyst, other factors such as steric and 
electronic effects, as well as Fe complexes stability, are also essential for optimal catalyst 
design.    
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Figure 6.7 UV-vis spectra of a) 4 (2 mM) and b) 5 (2 mM), before (solid line) and after 
(dashed line) adding 18 equiv CAN. 
 
6.4 Conclusion 
The series of Fe complexes synthesized here demonstrated that the variations of the N4 
ligands with different R groups on the amine N atoms and the substitution of the para 
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position of pyridine rings could influence the structural and electronic properties of the 
complexes significantly. The complexes with bulky R groups tend to be paramagnetic and 
require higher potential for the oxidation of Fe(II) to Fe(III), while the other complexes 
with smaller Me or H group may have potential stability issues in aqueous solution. 
Though suggested by literature that these Fe complexes that have four neutral N atoms and 
two cis open coordination sites, might be efficient catalysts for water oxidation upon 
chemical oxidation in an acidic environment, our studies showed that most of the Fe 
complexes under this conditions only exhibit limited catalytic activities. The possibilities of 
other ligand frameworks that could solve both the accessibility to high oxidation states and 
the stability of complexes in water are currently underway in our group.  
 
6.5 Acknowledgments 
I would like to thank Fengzhi Tang, Jason Schultz, and Sungho Park for synthesizing the 
N4 ligands. 
 
6.6 References 
(1) REN21 Renewables 2013 Global Status Report; REN21 Secretariat: Paris, 2013. 
(2) Turner, J. A., Sustainable hydrogen production. Science 2004, 305, 972-974. 
(3) Karunadasa, H. I.; Chang, C. J.; Long, J. R., A molecular molybdenum-oxo catalyst 
for generating hydrogen from water. Nature 2010, 464, 1329-1333. 
(4) Dempsey, J. L.; Brunschwig, B. S.; Winkler, J. R.; Gray, H. B., Hydrogen evolution 
188 
 
catalyzed by cobaloximes. Acc. Chem. Res. 2009, 42, 1995-2004. 
(5) Cline, E. D.; Adamson, S. E.; Bernhard, S., Homogeneous catalytic system for 
photoinduced hydrogen production utilizing iridium and rhodium complexes. Inorg. 
Chem. 2008, 47, 10378-10388. 
(6) Tong, L.; Duan, L.; Xu, Y.; Privalov, T.; Sun, L., Structural modifications of 
mononuclear ruthenium complexes: A combined experimental and theoretical study on 
the kinetics of ruthenium-catalyzed water oxidation. Angew. Chem. Int. Ed. 2011, 50, 
445-449. 
(7) Zong, R.; Thummel, R. P., A new family of Ru complexes for water oxidation. J. Am. 
Chem. Soc. 2005, 127, 12802-12803. 
(8) Sens, C.; Romero, I.; Rodríguez, M.; Llobet, A.; Parella, T.; Benet-Buchholz, J., A 
new Ru complex capable of catalytically oxidizing water to molecular dioxygen. 
Journal of the Americal Chemical Society 2004, 126, 7798-7799. 
(9) Wada, T.; Tsuge, K.; Tanaka, K., Electrochemical oxidation of water to dioxygen 
catalyzed by the oxidized form of the bis(ruthenium-hydroxo) complex in H2O. Angew. 
Chem. Int. Ed. 2000, 39, 1479-1482. 
(10) Dau, H.; Limberg, C.; Reier, T.; Risch, M.; Roggan, S.; Strasser, P., The mechanism of 
water oxidation: From electrolysis via homogeneous to biological catalysis. Chem. 
Cat. Chem. 2010, 2, 724-761. 
(11) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; Iwata, S., Architecture of 
the photosynthetic oxygen-evolving center. Science 2004, 303, 1831-1838. 
(12) Kanady, J. S.; Mendoza-Cortes, J. L.; Tsui, E. Y.; Nielsen, R. J.; Goddard, W. A.; III; 
Agapie, T., Oxygen atom transfer and oxidative water incorporation in cuboidal 
Mn3MOn complexes based on synthetic, isotopic labeling, and computational studies. 
J. Am. Chem. Soc. 2013, 135, 1073-1082. 
(13) Tsui, E. Y.; Kanady, J. S.; Agapie, T., Synthetic cluster models of biological and 
heterogeneous manganese catalysts for O2 evolution. Inorg. Chem. 2013, 52, 
13833-13848. 
189 
 
(14) Kanan, M. W.; Nocera, D. G., In situ formation of an oxygen-evolving catalyst in 
neutral water containing phosphate and Co2+. Science 2008, 321, 1072-1075. 
(15) Kanan, M. W.; Surendranath, Y.; Nocera, D. G., Cobalt-phosphate oxygen-evolving 
compound. Chem. Soc. Rev. 2009, 38, 109-114. 
(16) Dinca, M.; Surendranath, Y.; Nocera, D. G., Nickel-borate oxygen-evolving catalyst 
that functions under benign conditions. Proc. Nat. Acad. Sci. U.S.A. 2010, 107, 
10337-10341. 
(17) Ellis, W. C.; McDaniel, N. D.; Bernhard, S.; Collins, T. J., Fast water oxidation using 
iron. J. Am. Chem. Soc. 2010, 132, 10990-10991. 
(18) Fillol, J. L.; Codolà, Z.; Garcia-Bosch, I.; Gómez, L.; Pla, J. J.; Costas, M., Efficient 
water oxidation catalysts based on readily available iron coordination complexes. Nat. 
Chem. 2011, 3, 807-813. 
(19) Chen, G.; Chen, L.; Ng, S.-M.; Man, W.-L.; Lau, T.-C., Chemical and 
visible-light-driven water oxidation by iron complexes at pH 7-9: Evidence for 
dual-active intermediates in iron-catalyzed water oxidation. Angew. Chem. Int. Ed. 
2013, 52, 1789-1791. 
(20) Khusnutdinova, J. R.; Rath, N. P.; Mirica, L. M., Stable mononuclear organometallic 
Pd(III) complexes and their C-C bond formation reactivity. J. Am. Chem. Soc. 2010, 
132, 7303-7305. 
(21) Tang, F.; Qu, F.; Khusnutdinova, J. R.; Rath, N. P.; Mirica, L. M., Structural and 
reactivity comparison of analogous organometallic Pd(III) and Pd(IV) complexes. 
Dalton Trans. 2012, 41, 14046-14050. 
(22) Park, S.; Tang, F.; Rath, N. P.; Mirica, L. M., Manuscript in preparation. 2014. 
(23) Schultz, J.; Rath, N. P.; Mirica, L. M., Manuscript in preparation. 2014. 
(24) Khusnutdinova, J. R.; Luo, J.; Rath, N. P.; Mirica, L. M., Late first-row transition 
metal complexes of a tetradentate pyridinophane ligand: Electronic properties and 
reactivity implications. Inorg. Chem. 2013, 52, 3920-3932. 
190 
 
(25) Koch, W. O.; Schünemann, V.; Gerdan, M.; Trautwein, A. X.; Krüger, H.-J., Structural, 
spectroscopic, and chemical properties of the first low-spin iron(III) semiquinonate 
complexes in the solid state and in solution. Chem. Eur. J. 1998, 4, 1255-1265. 
(26) Loliger, J.; Scheffold, R., Paramagnetic Moment Measurements by NMR - A micro 
technique. J. Chem. Edu. 1972, 49, 646-647. 
(27) Bain, G. A.; Berry, J. F., Diamagnetic corrections and Pascal's constants. J. Chem. 
Educ. 2008, 85, 532-536. 
(28) Bruker Analytical X-Ray, Madison, WI, 2008. 
(29) Sheldrick, G. M., Bruker-SHELXTL. Acta Cryst. 2008, A64, 112-122. 
(30) Meneghetti, S. P.; Lutz, P. J.; Fischer, J.; Kress, J., Synthesis and X-ray structure of a 
monoprotonated salt and of three transition-metal complexes of 
N,N'-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane. Polyhedron 2001, 20, 
2705-2710. 
(31) Krüger, H.-J., Synthesis and characterization of copper, nickel and cobalt complexes 
of N,N′-dimethyl-2,11-diaza[3,3](2,6)pyridinophane. Chem. Ber. 1995, 128, 531-539. 
(32) Prat, I.; Company, A.; Corona, T.; Parella, T.; Ribas, X.; Costas, M., Assessing the 
impact of electronic and steric tuning of the ligand in the spin state and catalytic 
oxidation ability of the FeII(Pytacn) family of complexes. Inorg. Chem. 2013, 52, 
9229-9244. 
 
 
 
  
191 
 
 
Chapter 7  
 
Future Directions 
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7.1  Stabilization of Mononuclear Pd(I) Complexes 
As discussed in Chapter 5, no isolated mononuclear Pd(I) complex have been reported to 
date. The successful isolation of these complexes would allow for direct and detailed 
studies of Pd(I) chemistry, and fill up the research gap for this uncommon oxidation state. 
Meanwhile, it would shed light on a possible Pd(I)/Pd(III) catalytic cycle, as well as allow 
for the further investigation on the ability of Pd(I) complexes to catalyze CO2 reduction. 
The difficulties of isolation reside on the nature of Pd(I), a d9 species, which tends to form 
dinuclear or multinuclear cluster to satisfy the 18-electron rule for each Pd center. The 
approach we have tried in the previous studies is to employ several exogenous ligands (e.g. 
tBuNC and PPh3) known to stabilize low-oxidation states, but the results are not optimal. In 
order to further explore these possibilities, other bi-dentate or multi-dentate exogenous 
ligands could be tested in the future (Scheme 7.1). For example, for (κ2-tBuN4)Pd 
complexes both mono- and bi-dentate phosphine ligands could be used; while for 
(κ3-N2S2)Pd complexes, to prevent the complete substitution of N2S2 by the multi-dentate 
ligands, other mono-dentate phosphine ligands with various substituents could be emloyed. 
In addition, the incorporation of phosphorous donor(s) into the pyridinophane-based ligand 
might dramatically change the electronic properties of Pd complexes, and help stabilize the 
+1 oxidation state. For instance, other pyridinophane based ligands as RN4P and RN2P2 
could serve as candidates for stabilization of Pd(I) species. Further, the experimental 
conditions at low temperature and in various solvent systems (nonpolar and polar) could be 
optimized for chemical reduction and isolation. Moreover, electrochemical reduction could 
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be performed in presence of excess exogenous ligands to trap the mononuclear Pd(I) 
intermediates before dimerization. Another synthesis approach is to employ the 
compoproportion reaction of LPdII (L = tBuN4, N2S2, RN4P, RN2P2) and 
(tBu3P)2Pd0/(PPh3)4Pd0 precursors, as suggested by Fenske.1 
 
Scheme 7.1 Proposed ligand candidates to stabilize mononuclear Pd(I) complexes. 
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7.2 Redox Chemistry of Ni Complexes 
In recent years, due to the high cost of Pd catalysts, the development of Ni catalysts has 
received increasing attention. More and more Ni complexes have been employed in 
catalytic organometallic transformations such as Negishi, Kumada, and Suzuki cross 
coupling reactions.2-9 However, different from the thorough mechanistic understanding of 
Pd catalysis, the mechanisms of Ni-catalyzed reactions are still a matter of debate. Though 
it is well accepted that Ni(III) species are involved in cross coupling reactions and 
oxidatively-induced C-heteroatom bond formation reactions,10-37 no catalytically active 
organometallic Ni(III) complexes have been isolated prior to our group’s report earlier this 
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year.38 By employing the tBuN4 ligand, a series of Ni(III)-aryl halide complexes are 
stabilized (Scheme 7.2). The characterization and reactivity studies of these complexes 
have opened another research direction that could employ various ligand systems (e.g., 
N2S2, MeN4) could be used to tune the electronic properties and their reactivity. 
 
Scheme 7.2 Synthesis of the (tBuN4)NiII/NiIII complexes.38 
 
 
On the other hand, given that Ni(I) complexes might be active catalysts for CO2 reduction, 
another future research interest relies on the reduction chemistry of Ni complexes. 
Preliminary studies of the [(N2S2)NiII(MeCN)2](ClO4)2 and [(tBuN4)NiII(MeCN)2](OTf)2 
complexes have demonstrated that the Ni(I) oxidation state is accessible via chemical 
reduction, in which Ni(I) species were observed by EPR (Figure 7.1). It would be 
interesting to perform the chemical reduction in presence of CO2 and monitor the process 
by spectroscopy methods, or to carry out electrochemical reduction and test the catalytic 
possibility of these complexes toward electrochemical CO2 reduction. Moreover, as 
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suggested for the stabilization of Pd(I) complexes, varying the ligand systems to isolate 
Ni(I) species would be another future research direction. 
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Figure 7.1 Experimental and simulated EPR spectra of reaction mixtures of a) 
[(N2S2)NiII(MeCN)2](ClO4)2 + 1 equiv CoCp*2 and b) [(tBuN4)NiII(MeCN)2](OTf)2 + 1 
equiv CoCp*2 at 77 K. The peaks marked with asterisks in a) are from another 
conformation of Ni(I) species.  
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Appendix A 
 
1H NMR of Metal Complexes 
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Figure A.1 1H NMR spectrum of (N2S2)PdIIMe2 in acetone-d6. 
 
 
Figure A.2 1H NMR spectrum of (N2S2)PdII(CD3)2 in acetone-d6. Peaks marked with an 
asterisk correspond to a trace amount of free N2S2 ligand in the sample. 
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Figure A.3 1H NMR spectrum of (N2S2)PdII(13CH3)2 in acetone-d6. 
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Figure A.4 1H NMR spectrum of [(N2S2)PdIVMe2](PF6)2 in acetone-d6. 
 
Figure A.5 1H NMR spectrum of (N2S2)PdIIMeCl in CDCl3. 
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Figure A.6 1H NMR spectrum of (N2S2)PdIIMeBr in acetone-d6. Peaks marked with 
asterisks correspond to the side product of (N2S2)PdIIBrCl with 10-20%. Peaks marked 
with triangles correspond to a trace amount of free N2S2 ligand (< 5%) and decomposition 
upon dissolution. 
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Figure A.7 1H NMR spectrum of (N2S2)PdII(13CH3)Br in acetone-d6. Peaks marked with 
asterisks correspond to the side product of (N2S2)PdIIBrCl with 10-20%. Peaks marked 
with triangles correspond to a trace amount of free N2S2 ligand (< 5%) and decomposition 
upon dissolution. 
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Figure A.8 1H NMR spectrum of [(N2S2)PdIICl](OTf) in CD3CN. 
 
 
Figure A.9 1H NMR spectrum of (N2S2-O)PdIICl2 in CDCl3. Peaks marked with asterisks 
correspond to the starting material of (N2S2)PdIICl2. 
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Figure A.10 1H NMR spectrum of [(N2S2)PdII(tBuNC)](OTf)2 in CD3CN. 
 
 
Figure A.11 1H NMR spectrum of [(N2S2)PdII(PPh3)](OTf)2 in CD3CN. 
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Figure A.12 1H NMR spectrum of [(N2S2)PdIIMe(PPh3)](OTf) in CD3CN. 
 
 
Figure A.13 1H NMR spectrum of [(tBuN4)PdII(tBuNC)2](OTf)2 in CD3CN. 
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Figure A.14 1H NMR spectrum of [(N2S2)PdI(μ-tBuNC)]2(ClO4)2 in CD3CN. The peaks 
marked with asterisks are from electrolyte of TBAP. 
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Figure A.15 1H NMR spectrum of [(MeN4OMe)FeII(MeCN)2](OTf)2 in CD3CN.  
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Figure A.16 1H NMR spectrum of [(MeHN4)FeII(MeCN)2](OTf)2 in CD3CN. 
 
  
Py Hpara 
Py Hmeta 
CH2 CH2
CH2
CH2
N-H 
N-Me 
solvent 
212 
 
 
Appendix B 
 
Reactivity Studies of (N2S2)Pd Complexes 
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B.1 Reactivity Studies of Pd Complexes in Chapter 4 
1) 1 + 1 eq. Fc+ ? 5 + MeMe 
 
Figure B.1 1H NMR reactivity study of 1 with 1 equiv Fc+ in acetone-d6. Peaks marked 
with asterisks are unidentified decomposition products that may contain PdII-Me group. 
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2) 1 + 1 eq. 1-d6 + 2 eq. Fc+ ? 5 + 5-d3 + CH3CH3 + CH3CD3 + [CD3CD3] 
 
 
Figure B.2 1H NMR reactivity study of crossover reaction of 1 and 1-d6 (1 : 1) with 2 
equiv Fc+ (1 eq per Pd complex) in acetone-d6. Assigned complexes peaks are from 
products of 5 and 5-d3. Peaks marked with asterisks are unidentified decomposition 
products that may contain PdII-Me group. 
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3) 1 + 10 eq. MeI ? MeMe + (N2S2)PdIIMeI + N2S2 
 
Figure B.3 1H NMR reactivity study of 1 with 10 equiv MeI in acetone-d6. Assigned 
peaks are for (N2S2)PdIIMeI. Peaks marked with squares are from the free ligand N2S2; 
peaks marked with asterisks are unidentified decomposition products that may contain 
PdII-Me group. 
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4) 1 + 10 eq. CD3I ? CH3CH3 + CH3CD3 + (N2S2)PdIIMeI + (N2S2)PdII(CD3)I 
 
 
Figure B.4 1H NMR reactivity study of 1 with 10 equiv CD3I in acetone-d6. Assigned 
peaks are for (N2S2)PdIIMeI and (N2S2)PdII(CD3)I. Peaks marked with squares are from 
the free ligand N2S2; peaks marked with asterisks are unidentified decomposition products 
that may contain PdII-Me group. 
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5) 12+ + 1.1 eq. CoCp2 ? 5 + MeMe 
 
 
Figure B.5 1H NMR reactivity study of 12+ with 1.1 equiv CoCp2 in acetone-d6. Assigned 
peaks are for 5. Peaks marked with asterisks are unidentified decomposition products that 
may contain PdII-Me group. The peak marked with triangle is due to ferrocene, a side 
product from the synthesis of 12+(PF6-)2. 
 
 
Py Hpara 
Py Hmeta 
[CoIIICp2]+ 
CH2 
H2O, HDO 
solvent 
* 
* 
* 
MeMe 
PdMe 
▲
218 
 
6) 2 + 1 eq. Fc+ ? MeCl + 12+ + 4 + 5 + 6-Cl 
 
Figure B.6 1H NMR reactivity study of 2 with 1 equiv Fc+ in acetone-d6. Peak marked with 
an asterisk is from trace amount of water. 
 
Note: the reaction of 2 with 1 equiv AcFc+ gives similar results. 
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7) 2 + 13CH3I ? 13CH3Cl + (N2S2)PdIIMeI 
 
Figure B.7 1H NMR reactivity study of 2 with 1 equiv 13CH3I in acetone-d6. Assigned 
peaks are for (N2S2)PdIIMeI. The peaks marked with squares are from the free ligand 
N2S2; peaks marked with asterisks are unidentified decomposition products that may 
contain PdII-Me group. 
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8) 3 + 1 eq. AcFc+ ? MeBr + 5 + 6-Br 
 
Figure B.8 1H NMR reactivity study of 3 with 1 equiv AcFc+ in acetone-d6. Peaks marked 
with asterisks are unidentified decomposition products that may contain PdII-Me group. 
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9) 3 + 13CH3I ? 13CH3Br + (N2S2)PdIIMeI  
 
Figure B.9 1H NMR reactivity study of 3 with 1 equiv 13CH3I in acetone-d6. Assigned 
peaks are for (N2S2)PdIIMeI. Peaks marked with asterisks are unidentified decomposition 
products that may contain PdII-Me group. 
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10) 2 + 1 eq. 3-13C + 2 eq. AcFc+ ? MeBr + 13CH3Br + 4 + 5 + 5-13C + 6-Cl/Br 
 
 
 
Figure B.10 (a) 1H NMR reactivity study of crossover reaction of 2 and 3-13C (1 : 1) with 2 
equiv AcFc+ (1 eq. per Pd complex) in acetone-d6. (b) Enlarged region of 2.40 – 3.30 ppm. 
(c) Enlarged region of 0.72 – 1.26 ppm. Peaks marked with asterisks are unidentified 
decomposition products that may contain PdII-Me group. 
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11) 12+ + 1.8 eq. Bu4N+Br- ? MeBr + 3 
 
Figure B.11 1H NMR reactivity study of 12+, 5 min after adding 1.8 equiv Bu4N+Br- in 
acetone-d6. 
 
   
3-Py Hpara 
3-Py Hmeta 
3-CH2 
H2O, HDO 
solvent 
MeBr
3-Me
3-CH2
Bu4N+ 
Bu4N+ 
Bu4N+ 
Bu4N+ 
224 
 
B.2 Reactivity Studies of Pd Complexes in Chapter 5 
1) 2 + 1 eq. CoCp2 ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + [CoIIICp2]+ + unidentified side 
products 
 
 
Figure B.12 1H NMR reactivity study of 2 with 1 equiv CoCp2 in acetone-d6. The peaks 
that are not labeled are from unidentified side products. 
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2) 6 + 1 eq. CoCp*2 ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + PPh3 + [CoIIICp*2]+ + 
unidentified side products + unreacted 6 
 
 
Figure B.13 1H NMR reactivity study of 6 with 1 equiv CoCp*2 in acetone-d6. The peak 
that is marked with an asterisk is from unidentified side products. 
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3) 2 + 1 eq. CoCp2 + CO ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + [CoIIICp2]+ + unidentified 
side products 
 
 
Figure B.14 1H NMR reactivity study of 2 with 1 equiv CoCp2 in presence of CO in 
acetone-d6. The peaks that are not labeled are from unidentified side products. 
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4) 6 + 1 eq. CoCp*2 + CO ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + PPh3 + [CoIIICp*2]+ + 
unidentified side products 
 
 
Figure B.15 1H NMR reactivity study of 6 with 1 equiv CoCp*2 in presence of CO in 
acetone-d6. The peaks that are not labeled are from unidentified side products. 
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5) 2 + 1 eq. CoCp2 + 1 eq. MeI ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + (N2S2)PdIIMeI + 
[CoIIICp2]+ + unreacted MeI + unidentified side products 
 
 
Figure B.16 1H NMR reactivity study of 2 with 1 equiv CoCp2 in presence of 1 equiv MeI 
in acetone-d6. The peaks that are not labeled are from unidentified side products. 
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6) 6 + 1 eq. CoCp*2 + 1.5 eq. MeI ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + PPh3 + 
(N2S2)PdIIMeI + [CoIIICp*2]+ + unreacted MeI + unidentified side products 
 
 
Figure B.17 1H NMR reactivity study of 6 with 1 equiv CoCp*2 in presence of 1.5 equiv 
MeI in acetone-d6. The peaks that are not labeled are from unidentified side products. 
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7) 2 + 1 eq. CoCp2 + 1 eq. p-I-toluene ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + (N2S2)PdIIMeI 
+ unreacted p-I-toluene + unidentified side products 
 
 
Figure B.18 1H NMR reactivity study of 2 with 1 equiv CoCp2 in presence of 1 equiv 
p-I-toluene in acetone-d6. The peaks that are not labeled are from unidentified side products. 
The [CoIIICp2]+ is completely missing from the 1H NMR spectrum. 
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8) 6 + 1 eq. CoCp*2 + 1.3 eq. p-I-toluene ? (N2S2)PdIIMe2 + N2S2 + Pd(0) + PPh3 +  
[CoIIICp*2]+ + unreacted p-I-toluene + unidentified side products 
 
 
Figure B.19 1H NMR reactivity study of 6 with 1 equiv CoCp*2 in presence of 1.3 equiv 
p-I-toluene in acetone-d6. The peaks that are not labeled are from unidentified side 
products. 
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Computational Details of Metal Complexes 
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C.1 Pd and Pt Complexes in Chapter 3 
Table C.1 Isocontour plots and energies of selected molecular orbitals for 
[(N2S2)PdII(MeCN)]2(OTf)4 (1). The atomic Mulliken contributions to the MOs are shown 
for the Pd atoms (with d, p, and s orbital contribution), the equatorial pyridine N (Neq), the 
axial pyridine N (Nax), the MeCN (MeCN), and the S atoms (S). Balance contribution 
comes from ligand-based C atoms.   
MO # 
Energy (eV) 
Mos (0.05 isocontour value) 
Pd 
(%) 
Neq 
(%) 
Nax 
(%) 
MeCN 
(%) 
S 
(%)
HOMO-21 
161 
-20.325 
 
38 total: 
34 4d 
2 5p 
2 5s 
 
1 4 1 26 
HOMO-13 
169 
-19.330 
 
31 total: 
22 4d 
8 5s 
1 5p 
 
 
3 1 0 25 
HOMO-10 
172 
-18.726 
25 total: 
20 4d 
4 5s 
1 5p 
4 13 0 6 
HOMO-3 
179 
-17.400 
22 total: 
14 4d 
8 5p 
1 46 0 3 
HOMO 
182 
-16.526 
 
43 total: 
42 4d 
1 5s 
2 27 1 9 
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LUMO 
183 
-13.948 
 
45 total: 
42 4d 
2 5s 
1 5p 
8 0 5 34 
LUMO+1 
184 
-13.820 
45 total: 
44 4d 
1 5s 
10 0 6 31 
LUMO+2 
185 
-12.842 
 
8 total: 
6 5p 
2 4d 
14 3 1 6 
LUMO+4 
187 
-11.880 
7 total: 
7 5p 
7 9 0 22 
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Table C. 2 Isocontour plots and energies of selected molecular orbitals for 
[(N2S2)PtII(MeCN)]2(OTf)4 (2). The atomic Mulliken contributions to the MOs are shown 
for the Pt atoms (with d, p, and s orbital contribution), the equatorial pyridine N (Neq), the 
axial pyridine N (Nax), the MeCN (MeCN), and the S atoms (S). Balance contribution 
comes from ligand-based C atoms.   
MO # 
Energy 
(eV) 
MOs (0.05 isocontour value) 
Pt 
(%) 
Neq 
(%) 
Nax 
(%) 
MeCN 
(%) 
S 
(%) 
HOMO-21 
161 
-20.272 
 
30 total:
26 4d 
2 5p 
3 5s 
 
3 4 0 28 
HOMO-14 
168 
-19.475 
 
42 total:
31 4d 
10 5s 
1 5p 
 
 
1 1 0 16 
HOMO-9 
173 
-18.613 
27 total:
22 4d 
4 5s 
1 5p 
5 13 0 1 
HOMO-3 
179 
-17.335 
23 total:
14 4d 
9 5p 
0 47 0 1 
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HOMO 
182 
-16.019 
52 total:
50 4d 
2 5s 
1 22 1 8 
LUMO 
183 
-13.168 
37 total:
26 4d 
6 5p 
5 5s 
6 1 3 25 
LUMO+1 
184 
-12.868 
43 total:
42 4d 
1 5s 
8 0 3 34 
LUMO+2 
185 
-12.839 
 
15 total:
14 4d 
1 5p 
13 2 3 20 
LUMO+4 
187 
-11.960 
7 total: 
6 5p 
1 4d 
8 9 0 22 
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C.2 Pd Complexes in Chapter 4 
Table C.3 Isocontour plots and energies of selected molecular orbitals for 
[(N2S2)PdIIIMe2]+ (1+). The atomic simple contributions to the MOs are shown for the Pd 
atom, the S atoms, the equatorial pyridine N atoms (Neq), and the C atoms from the Me 
group. Balance contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-1 (61) 
-9.990 
Pd  32% 
S   46% 
 
α HOMO (62) 
-7.850 
 
Pd  29% 
S   40% 
C   18% 
β LUMO (62) 
-5.578 
Pd  31% 
S   34% 
C   12% 
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Table C.4 Isocontour plots and energies of selected molecular orbitals for 
[(tBuN4)PdIIIMe2]+. The atomic simple contributions to the MOs are shown for the Pd atom, 
the axial amine N atoms (Nax), the equatorial pyridine N atoms (Neq), and the C atoms from 
the Me group. Balance contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-1 (85) 
-9.476 
 
Pd   19% 
Nax  38% 
α HOMO (86) 
-8.253 
 
Pd   32% 
Nax  32% 
C   16% 
β LUMO (86) 
-5.698 
 
Pd   41% 
Nax  26% 
C   10% 
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Table C.5 Isocontour plots and energies of selected molecular orbitals for 
[(N2S2)PdIIICl2]+ (4+). The atomic simple contributions to the MOs are shown for the Pd 
atom, the S atoms, the equatorial pyridine N atoms (Neq), and the Cl atoms. Balance 
contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-4 (58) 
-10.224 
 
Pd  22% 
Cl  70% 
α HOMO-3 (59) 
-10.049 
 
Pd   9% 
Cl  82% 
α HOMO-2 (60) 
-9.957 
Pd  14% 
Cl  58% 
S  24% 
α HOMO-1 (61) 
-9.827 
 
Pd   3% 
Cl  86% 
N   6% 
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α HOMO (62) 
-8.269 
 
Pd   23% 
Cl   10% 
S   44% 
N    6% 
α LUMO (63) 
-6.502 
 
Pd  28% 
Cl  32% 
N  22% 
β LUMO (62) 
-6.214 
 
Pd   29% 
Cl   32% 
N   22% 
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Table C.6 TD-DFT calculated absorption bands and their composition for 
[(N2S2)PdIIICl2]+ (4+). Only the transitions with oscillator strengths greater than 0.005 are 
listed; the major contributing transitions have more than 10% contribution to the absorption 
band. 
Wavelength 
(nm) 
Oscillator 
strength Major contributing transitions 
603.3 0.029 β-HOMO ? β-LUMO (66%), α-HOMO-4 ? α-LUMO (11%) 
559.5 0.013 α-HOMO-4 ? α-LUMO (51%), β-HOMO ? β-LUMO (23%) 
397.6 0.017 β-HOMO-5 ? β-LUMO (49%), α-HOMO-2 ? α-LUMO+1 (32%)，β-HOMO-3 ? β-LUMO+1 (14%) 
390.8 0.014 β-HOMO-5 ? β-LUMO (40%), β-HOMO-2 ? β-LUMO+1 
(30%), β-HOMO-3 ? β-LUMO+1 (23%) 
358.6 0.064 β-HOMO-6 ? β-LUMO (86%), β-HOMO-5 ? β-LUMO (10%) 
330.6 0.011 β-HOMO-12 ? β-LUMO (65%), β-HOMO-15 ? β-LUMO (17%) 
322.1 0.011 β-HOMO-7 ? β-LUMO+1 (34%), α-HOMO-8 ? α-LUMO 
(32%), α-HOMO-12 ? α-LUMO (11%) 
308.0 0.016 α-HOMO-9 ? α-LUMO (55%), α-HOMO-11 ? α-LUMO (26%) 
306.7 0.014 
β-HOMO-10 ? β-LUMO+1 (26%), β-HOMO-8 ? β-LUMO 
(25%), β-HOMO-7 ? β-LUMO+1 (16%), α-HOMO-12 ? 
α-LUMO (10%) 
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C.3 Pd Complexes in Chapter 5 
Table C.7 Isocontour plots and energies of selected molecular orbitals for 
[(N2S2)PdI(tBuNC)]+ (4-PdI). The atomic simple contributions to the MOs are shown for 
the Pd atom, the S atoms, and the equatorial and the axial pyridine N atoms (Neq and Nax). 
Balance contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-1 (71) 
-8.462 
 
Pd  35% 
Nax  13% 
 
α HOMO (72) 
-6.359 
 
Pd  22% 
S   38% 
Neq  8% 
C   9% 
β LUMO (72) 
-4.688 
 
Pd  11% 
S   22% 
Neq  9% 
Nax  5% 
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Table C.8 Isocontour plots and energies of selected molecular orbitals for 
[(κ4-tBuN4)PdI(tBuNC)2]+ (κ4-8-PdI). The atomic simple contributions to the MOs are 
shown for the Pd atom, the equatorial and the axial pyridine N atoms (Neq and Nax), and the 
C atoms from the tBuNC groups. Balance contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-1 (112) 
-7.235 
Pd  28% 
Nax  32% 
 
α HOMO (113) 
-6.530 
Pd  25% 
Neq  18% 
C   24% 
β LUMO (113) 
-3.792 
Pd  13% 
Neq  18% 
C   12% 
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Table C.9 Isocontour plots and energies of selected molecular orbitals for 
[(κ2-tBuN4)PdI(tBuNC)2]+ (κ2-8-PdI). The atomic simple contributions to the MOs are 
shown for the Pd atom, the equatorial and the axial pyridine N atoms (Neq and Nax), and the 
C atoms from the tBuNC groups. Balance contribution comes from ligand-based C atoms. 
MO # 
Energy (eV) MOs (0.05 isocontour value) Atoms Simple Distribution 
α HOMO-1 (112) 
-7.853 
 
Pd   4% 
Nax  47% 
 
α HOMO (113) 
-6.887 
Pd  26% 
Neq  18% 
C   24% 
β LUMO (113) 
-3.669 
 
Pd   27% 
Neq  14% 
C   22% 
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Appendix D 
 
X-ray Crystal Structure Determinations of 
Metal Complexes 
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D.1 Co Complexes in Chapter 2 
Table D.1 Crystal data and structure refinement for 1 at 100 K and 300 K. 
Complex 1 (100 K) 1 (300 K) 
Identification code lm2010.cif lm2110.cif 
Formula C30 H39 Cl2 Co2 N6 O12 C30 H39 Cl2 Co2 N6 O12 
M 864.43 864.43 
System Monoclinic Monoclinic 
Space group P21/n P21/n 
a (Å) 13.3731(8) 13.6151(8) 
b (Å) 12.9829(8) 13.1529(7) 
c (Å) 20.4445(13) 20.5118(13) 
α (º) 90. 90. 
β (º) 95.908(3) 96.485(3) 
γ (º) 90. 90. 
V (Å3) 3530.8(4) 3649.7(4) 
Z 4 4 
dcalcd (Mg/m3) 1.626 1.573 
Crystal size (mm3) 0.38 x 0.26 x 0.16 0.38 x 0.26 x 0.16 
T (K) 100(2) 300(2) 
λ (Å) 0.71073 0.71073 
μ (mm-1) 1.162 1.124 
Independent reflections 14974 8455 
R(int) 0.0392 0.0346 
Collected reflections 171558 62150 
[I>2σ(I)] R1, wR2 0.0326, 0.0822 0.0486, 0.1274 
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Table D.2 Crystal data and structure refinement for 2.1.5MeCN 
Complex 2 .1.5MeCN 
Identification code lm8610.cif 
Formula C30 H39 Cl3 Co2 N6 O16.1.5MeCN 
M 1025.46 
System Monoclinic 
Space group C2 
a (Å) 25.6695(3) 
b (Å) 12.38590(10) 
c (Å) 13.8812(2) 
α (º) 90. 
β (º) 102.6190(10) 
γ (º) 90. 
V (Å3) 4306.78(9) 
Z 2 
dcalcd (Mg/m3) 1.582 
Crystal size (mm3) 0.39 x 0.28 x 0.05  
T (K) 100(2) 
λ (Å) 0.71073 
μ (mm-1) 1.034 
Independent reflections 9880 
R(int) 0.0346 
Collected reflections 73237 
[I>2σ(I)] R1, wR2 0.0606, 0.1637 
 
248 
 
Table D.3 Crystal data and structure refinement for 3.0.5H2O and 4.3.5H2O 
Complex 3.0.5H2O 4.3.5H2O 
Identification code lm34009t5.cif lm34609.cif 
Formula C52 H68 Cl4 Co4 N12 O29 P2 C78 H114 Cl8 Co6 N18 O49 
M 1764.64 2725.05 
System Monoclinic Orthorhombic 
Space group P21/n P212121 
a (Å) 13.9716(11) 10.3815(9) 
b (Å) 9.8247(8) 21.1122(19) 
c (Å) 24.6780(19) 23.366(2) 
α (º) 90. 90. 
β (º) 93.212(2) 90. 
γ (º) 90. 90. 
V (Å3) 3382.1(5) 5121.2(8) 
Z 2 2 
dcalcd (Mg/m3) 1.733 1.767 
Crystal size (mm3) 0.25 x 0.25 x 0.20 0.31 x 0.06 x 0.06 
T (K) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 
μ (mm-1) 1.265 1.265 
Independent reflections 9575 9411 
R(int) 0.059 0.0885 
Collected reflections 121425 138574 
[I>2σ(I)] R1, wR2 0.0697, 0.1630 0.0395, 0.0897 
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Table D.4 Selected interatomic distances (Å) and angles (º) for 1 (100 K). 
Distances 
Co(1)-O(1) 2.0427(9) Co(2)-O(2) 1.9054(8) 
Co(1)-O(3) 2.1215(9) Co(2)-O(3) 1.9025(9) 
Co(1)-O(4) 2.0346(9) Co(2)-O(4) 1.8988(9) 
Co(1)-N(1) 2.1215(11) Co(2)-N(4) 1.9330(11) 
Co(1)-N(2) 2.2060(11) Co(2)-N(5) 1.9834(11) 
Co(1)-N(3) 2.1132(11) Co(2)-N(6) 1.9539(10) 
Co(1)…Co(2) 3.021   
Angles 
O(4)-Co(1)-O(1) 97.19(4) O(4)-Co(2)-O(3) 78.70(4) 
O(4)-Co(1)-N(3) 93.55(4) O(4)-Co(2)-O(2) 95.53(4) 
O(1)-Co(1)-N(3) 88.05(4) O(3)-Co(2)-O(2) 95.03(4) 
O(4)-Co(1)-N(1) 161.52(4) O(4)-Co(2)-N(4) 95.00(4) 
O(1)-Co(1)-N(1) 88.98(4) O(3)-Co(2)-N(4) 173.09(4) 
N(3)-Co(1)-N(1) 104.09(4) O(2)-Co(2)-N(4) 88.37(4) 
O(4)-Co(1)-O(3) 70.86(3) O(4)-Co(2)-N(6) 173.35(4) 
O(1)-Co(1)-O(3) 89.99(4) O(3)-Co(2)-N(6) 95.23(4) 
N(3)-Co(1)-O(3) 163.92(4) O(2)-Co(2)-N(6) 87.65(4) 
N(1)-Co(1)-O(3) 91.82(4) N(4)-Co(2)-N(6) 90.92(4) 
O(4)-Co(1)-N(2) 102.91(4) O(4)-Co(2)-N(5) 95.75(4) 
O(1)-Co(1)-N(2) 156.13(4) O(3)-Co(2)-N(5) 92.18(4) 
N(3)-Co(1)-N(2) 78.06(4) O(2)-Co(2)-N(5) 167.61(4) 
N(1)-Co(1)-N(2) 75.94(4) N(4)-Co(2)-N(5) 85.57(5) 
O(3)-Co(1)-N(2) 108.61(4) N(6)-Co(2)-N(5) 81.66(4) 
Co(2)-O(3)-Co(1) 97.15(4) Co(2)-O(4)-Co(1) 100.29(4) 
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Table D.5 Selected interatomic distances (Å) and angles (º) for 1 (300 K). 
Distances 
Co(1)-O(1) 2.053(2) Co(2)-O(2) 1.899(2) 
Co(1)-O(3) 2.132(2) Co(2)-O(3) 1.894(2) 
Co(1)-O(4) 2.035(2) Co(2)-O(4) 1.895(2) 
Co(1)-N(1) 2.131(3) Co(2)-N(4) 1.925(3) 
Co(1)-N(2) 2.222(3) Co(2)-N(5) 1.979(3) 
Co(1)-N(3) 2.121(3) Co(2)-N(6) 1.945(3) 
Co(1)…Co(2) 3.018   
Angles 
O(4)-Co(1)-O(1) 97.70(9) O(3)-Co(2)-O(4) 79.32(9) 
O(4)-Co(1)-N(3) 94.24(10) O(4)-Co(2)-O(2) 95.20(10) 
O(1)-Co(1)-N(3) 88.62(11) O(3)-Co(2)-O(2) 94.66(9) 
O(4)-Co(1)-N(1) 160.42(11) O(4)-Co(2)-N(4) 94.95(11) 
O(1)-Co(1)-N(1) 89.54(11) O(3)-Co(2)-N(4) 173.38(11) 
N(3)-Co(1)-N(1) 104.14(12) O(2)-Co(2)-N(4) 89.13(12) 
O(4)-Co(1)-O(3) 70.91(8) O(4)-Co(2)-N(6) 174.19(11) 
O(1)-Co(1)-O(3) 88.48(9) O(3)-Co(2)-N(6) 95.45(10) 
N(3)-Co(1)-O(3) 164.33(10) O(2)-Co(2)-N(6) 87.72(11) 
N(1)-Co(1)-O(3) 91.23(10) N(4)-Co(2)-N(6) 90.12(11) 
O(4)-Co(1)-N(2) 102.50(11) O(4)-Co(2)-N(5) 95.52(11) 
O(1)-Co(1)-N(2) 156.19(11) O(3)-Co(2)-N(5) 91.56(12) 
N(3)-Co(1)-N(2) 77.52(12) O(2)-Co(2)-N(5) 168.43(11) 
N(1)-Co(1)-N(2) 75.50(12) N(4)-Co(2)-N(5) 85.65(13) 
O(3)-Co(1)-N(2) 109.91(10) N(6)-Co(2)-N(5) 81.99(12) 
Co(2)-O(3)-Co(1) 96.93(9) Co(2)-O(4)-Co(1) 100.25(9) 
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Table D.6 Selected interatomic distances (Å) and angles (º) for 2.1.5MeCN 
Distances 
Co(1)-O(1) 1.875(4) Co(2)-O(2) 1.897(3) 
Co(1)-O(3) 1.949(3) Co(2)-O(3) 1.953(3) 
Co(1)-O(4) 1.937(3) Co(2)-O(4) 1.934(3) 
Co(1)-N(1) 1.969(5) Co(2)-N(4) 1.930(4) 
Co(1)-N(2) 1.978(6) Co(2)-N(5) 2.011(4) 
Co(1)-N(3) 1.933(4) Co(2)-N(6) 1.946(4) 
Co(1)…Co(2) 2.9565(9)   
Angles 
O(1)-Co(1)-N(3) 88.3(2) O(2)-Co(2)-N(4) 88.96(18) 
O(1)-Co(1)-O(4) 95.82(17) O(2)-Co(2)-O(4) 96.44(15) 
N(3)-Co(1)-O(4) 96.09(16) N(4)-Co(2)-O(4) 96.66(16) 
O(1)-Co(1)-O(3) 93.11(16) O(2)-Co(2)-N(6) 89.09(18) 
N(3)-Co(1)-O(3) 171.17(17) N(4)-Co(2)-N(6) 96.28(18) 
O(4)-Co(1)-O(3) 75.10(13) O(4)-Co(2)-N(6) 166.01(16) 
O(1)-Co(1)-N(1) 88.2(2) O(2)-Co(2)-O(3) 91.82(17) 
N(3)-Co(1)-N(1) 94.10(19) N(4)-Co(2)-O(3) 171.72(16) 
O(4)-Co(1)-N(1) 169.14(17) O(4)-Co(2)-O(3) 75.06(13) 
O(3)-Co(1)-N(1) 94.66(16) N(6)-Co(2)-O(3) 91.97(15) 
O(1)-Co(1)-N(2) 165.6(2) O(2)-Co(2)-N(5) 164.79(17) 
N(3)-Co(1)-N(2) 85.0(2) N(4)-Co(2)-N(5) 82.66(17) 
O(4)-Co(1)-N(2) 97.53(18) O(4)-Co(2)-N(5) 97.12(15) 
O(3)-Co(1)-N(2) 95.49(19) N(6)-Co(2)-N(5) 79.29(18) 
N(1)-Co(1)-N(2) 79.6(2) O(3)-Co(2)-N(5) 98.30(15) 
Co(1)-O(3)-Co(2) 98.51(13) Co(2)-O(4)-Co(1) 99.58(14) 
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Table D.7 Selected interatomic distances (Å) and angles (º) for 3.0.5H2O 
Distances 
Co(1)-O(1) 1.911(3) Co(2)-O(1) 1.916(3) 
Co(1)-O(2) 1.912(3) Co(2)-O(2) 1.909(3) 
Co(1)-O(3) 1.898(4) Co(2)-O(4) 1.906(5) 
Co(1)-N(1) 1.919(4) Co(2)-N(4) 1.915(6) 
Co(1)-N(2) 1.972(4) Co(2)-N(5) 1.969(5) 
Co(1)-N(3) 1.913(5) Co(2)-N(6) 1.915(5) 
Co(1)…Co(2) 2.8693(9)   
Angles 
O(3)-Co(1)-O(1) 92.14(16) O(4)-Co(2)-O(2) 91.33(17) 
O(3)-Co(1)-O(2) 90.91(17) O(4)-Co(2)-N(6) 88.1(2) 
O(1)-Co(1)-O(2) 81.82(14) O(2)-Co(2)-N(6) 97.95(18) 
O(3)-Co(1)-N(3) 175.1(2) O(4)-Co(2)-N(4) 175.2(2) 
O(1)-Co(1)-N(3) 91.24(18) O(2)-Co(2)-N(4) 92.7(2) 
O(2)-Co(1)-N(3) 93.06(19) N(6)-Co(2)-N(4) 88.8(2) 
O(3)-Co(1)-N(1) 88.2(2) O(4)-Co(2)-O(1) 91.21(17) 
O(1)-Co(1)-N(1) 96.92(17) O(2)-Co(2)-O(1) 81.73(14) 
O(2)-Co(1)-N(1) 178.45(18) N(6)-Co(2)-O(1) 179.3(2) 
N(3)-Co(1)-N(1) 87.9(2) N(4)-Co(2)-O(1) 91.9(2) 
O(3)-Co(1)-N(2) 90.9(2) O(4)-Co(2)-N(5) 91.4(2) 
O(1)-Co(1)-N(2) 176.4(2) O(2)-Co(2)-N(5) 175.3(2) 
O(2)-Co(1)-N(2) 96.31(17) N(6)-Co(2)-N(5) 86.0(2) 
N(3)-Co(1)-N(2) 85.8(2) N(4)-Co(2)-N(5) 84.7(3) 
N(1)-Co(1)-N(2) 85.0(2) O(1)-Co(2)-N(5) 94.34(18) 
Co(1)-O(1)-Co(2) 97.14(15) Co(2)-O(2)-Co(1) 97.34(15) 
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Table D.8 Selected interatomic distances (Å) and angles (º) for 4.3.5H2O 
Distances 
Co(1)-O(1) 1.912(3) Co(2)-O(1) 1.911(3) Co(3)-O(3) 1.900(3) 
Co(1)-O(2) 1.900(3) Co(2)-O(2) 1.888(3) Co(3)-O(4) 1.936(3) 
Co(1)-O(3) 1.912(3) Co(2)-O(4) 1.929(3) Co(3)-O(5) 1.886(4) 
Co(1)-N(1) 1.912(4) Co(2)-N(4) 1.931(4) Co(3)-N(7) 1.933(4) 
Co(1)-N(2) 1.974(4) Co(2)-N(5) 1.998(4) Co(3)-N(8) 2.015(4) 
Co(1)-N(3) 1.925(3) Co(2)-N(6) 1.907(4) Co(3)-N(9) 1.941(4) 
Co(1)…Co(2) 2.8498(8)     
Angles 
O(2)-Co(1)-O(1) 82.76(13) O(2)-Co(2)-N(6) 96.29(14) O(5)-Co(3)-O(3) 90.51(16) 
O(2)-Co(1)-O(3) 90.25(13) O(2)-Co(2)-O(1) 83.12(12) O(5)-Co(3)-N(7) 92.36(17) 
O(1)-Co(1)-O(3) 88.57(14) N(6)-Co(2)-O(1) 177.78(15) O(3)-Co(3)-N(7) 90.28(15) 
O(2)-Co(1)-N(1) 93.30(14) O(2)-Co(2)-O(4) 92.85(13) O(5)-Co(3)-O(4) 90.51(15) 
O(1)-Co(1)-N(1) 90.45(16) N(6)-Co(2)-O(4) 94.85(15) O(3)-Co(3)-O(4) 89.64(14) 
O(3)-Co(1)-N(1) 176.18(15) O(1)-Co(2)-O(4) 87.32(13) N(7)-Co(3)-O(4) 177.13(16) 
O(2)-Co(1)-N(3) 178.38(14) O(2)-Co(2)-N(4) 90.55(14) O(5)-Co(3)-N(9) 94.02(17) 
O(1)-Co(1)-N(3) 97.62(15) N(6)-Co(2)-N(4) 85.90(15) O(3)-Co(3)-N(9) 174.56(15) 
O(3)-Co(1)-N(3) 88.19(14) O(1)-Co(2)-N(4) 91.97(14) N(7)-Co(3)-N(9) 86.53(16) 
N(1)-Co(1)-N(3) 88.28(14) O(4)-Co(2)-N(4) 176.41(15) O(4)-Co(3)-N(9) 93.33(14) 
O(2)-Co(1)-N(2) 93.68(14) O(2)-Co(2)-N(5) 172.70(14) O(5)-Co(3)-N(8) 175.92(17) 
O(1)-Co(1)-N(2) 172.01(15) N(6)-Co(2)-N(5) 86.95(16) O(3)-Co(3)-N(8) 92.66(15) 
O(3)-Co(1)-N(2) 98.63(15) O(1)-Co(2)-N(5) 93.39(14) N(7)-Co(3)-N(8) 85.05(16) 
N(1)-Co(1)-N(2) 82.59(17) O(4)-Co(2)-N(5) 93.39(15) O(4)-Co(3)-N(8) 92.08(15) 
N(3)-Co(1)-N(2) 86.13(16) N(4)-Co(2)-N(5) 83.14(15) N(9)-Co(3)-N(8) 82.69(16) 
Co(2)-O(1)-Co(1) 96.39(13) Co(2)-O(2)-Co(1) 97.59(14)   
Co(3)-O(3)-Co(1) 132.86(17) Co(2)-O(4)-Co(3) 129.16(17)   
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D.2 Pd and Pt Complexes 
D.2.1 Crystal Data and Structure Refinement for Complexes in Chapter 
3 
Table D.9 Crystal data and structure refinement for 1, 2 and 3 
Complex 1 2 3 
Identification code l23710.cif l25810.cif l4611.cif 
Formula C18 H17 F6 N3 O6 Pd S4 C18 H17 F6 N3 O6 Pt S4 C16 H19 F3 N2 O4 Pd S3 
M 719.99 808.68 562.91 
System Monoclinic Monoclinic Triclinic 
Space group P21/c P21/c P-1 
a (Å) 12.3492(5) 12.3114(7) 9.7020(6) 
b (Å) 17.5047(6) 17.5704(10) 10.3167(7) 
c (Å) 12.1940(5) 12.2608(7) 10.6734(7) 
α (º) 90. 90. 79.150(2) 
β (º) 112.870(2) 112.402(3) 89.371(3) 
γ (º) 90. 90. 75.100(3) 
V (Å3) 2448.67(16) 2452.1(2) 1013.16(11) 
Z 4 4 2 
dcalcd (Mg/m3) 1.953 2.191 1.845 
Crystal size (mm3) 0.29 x 0.26 x 0.17 0.14 x 0.08 x 0.06 0.34 x 0.22 x 0.14  
T (K) 100 (2) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 0.71073 
μ (mm-1) 1.187 6.151 1.278 
Independent 
reflections 
10171 5083 15753 
R(int) 0.0302 0.0696 0.0256 
Collected reflections 52737 72537 74401 
[I>2σ(I)] R1, wR2 0.0323, 0.0816 0.0241, 0.0464 0.0241, 0.0561 
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Table D.10 Selected bond lengths (Å) and angles (°) for 1, 2 and 3 
1 2 3 
Distances 
Pd(1)-S(1) 2.3275(5) Pt(1)-S(1) 2.3157(10) Pd(1)-C(1) 2.0389(8) 
Pd(1)-S(2) 2.3230(5) Pt(1)-S(2) 2.3187(10) Pd(1)-N(1) 2.1049(6) 
Pd(1)-N(1) 2.0004(14) Pt(1)-N(1) 2.005(3) Pd(1)-S(2) 2.3370(2) 
Pd(1)-N(2) 2.5054(16) Pt(2)-N(2) 2.584(3) Pd(1)-S(1) 2.3447(3) 
Pd(1)-N(3) 2.0146(16) Pt(1)-N(3) 1.995(3) Pd(1)-N(2) 2.5739(7) 
Pd(1)-Pd(1)’ 3.0657(3) Pt(1)-Pt(1)’ 3.0768(3) Pd(1)-Pd(1)’ 3.1132(2) 
Angles 
N(1)-Pd(1)-N(3) 179.14(6) N(3)-Pt(1)-N(1) 178.80(12) C(1)-Pd(1)-N(1) 175.25(3) 
N(1)-Pd(1)-S(2) 86.13(4) N(3)-Pt(1)-S(1) 93.65(10) C(1)-Pd(1)-S(2) 95.17(3) 
N(3)-Pd(1)-S(2) 93.71(5) N(1)-Pt(1)-S(1) 86.25(9) N(1)-Pd(1)-S(2) 84.563(19) 
N(1)-Pd(1)-S(1) 85.59(4) N(3)-Pt(1)-S(2) 94.27(10) C(1)-Pd(1)-S(1) 94.04(3) 
N(3)-Pd(1)-S(1) 94.35(5) N(1)-Pt(1)-S(2) 85.48(9) N(1)-Pd(1)-S(1) 84.68(2) 
S(2)-Pd(1)-S(1) 163.060(18) S(1)-Pt(1)-S(2) 161.57(4) S(2)-Pd(1)-S(1) 158.629(8) 
N(1)-Pd(1)-N(2) 84.87(5) N(3)-Pt(1)-N(2) 93.99(11) C(1)-Pd(1)-N(2) 92.93(3) 
N(3)-Pd(1)-N(2) 94.27(6) N(1)-Pt(1)-N(2) 84.81(10) N(1)-Pd(1)-N(2) 82.34(2) 
S(2)-Pd(1)-N(2) 82.38(4) S(1)-Pt(1)-N(2) 81.50(8) S(2)-Pd(1)-N(2) 80.448(16) 
S(1)-Pd(1)-N(2) 82.19(4) S(2)-Pt(1)-N(2) 81.37(8) S(1)-Pd(1)-N(2) 79.854(16) 
N(1)-Pd(1)-Pd(1)’ 91.29(4) N(3)-Pt(1)-Pt(1)’ 91.17(9) C(1)-Pd(1)-Pd(1)’ 97.41(3) 
N(3)-Pd(1)-Pd(1)’ 89.57(4) N(1)-Pt(1)-Pt(1)’ 90.03(8) N(1)-Pd(1)-Pd(1)’ 87.266(18) 
S(2)-Pd(1)-Pd(1)’ 96.831(14) S(1)-Pt(1)-Pt(1)’ 97.87(3) S(2)-Pd(1)-Pd(1)’ 103.129(7) 
S(1)-Pd(1)-Pd(1)’ 98.103(14) S(2)-Pt(1)-Pt(1)’ 98.58(3) S(1)-Pd(1)-Pd(1)’ 94.741(7) 
N(2)-Pd(1)-Pd(1)’ 176.12(4) N(2)-Pt(1)-Pt(1)’ 174.83(7) N(2)-Pd(1)-Pd(1)’ 168.666(15) 
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D.2.2 Crystal Data and Structure Refinement for Complexes in Chapter 
4 
Table D.11 Crystal data and structure refinement for 1, 12+(PF6)2 and 6-Cl 
Complex 1 12+(PF6)2 6-Cl 
Identification code l6012.cif l18111.cif l7811.cif 
Formula C16 H20 N2 Pd S2 C76 H104 F48 N8 O4 P8 Pd4 S8 C15 H14 Cl F3 N2 O3 Pd S3 
M 410.86 3035.51 565.31 
System Monoclinic Orthorhombic Triclinic 
Space group P21/c Imma P-1 
a (Å) 12.293(6) 15.2927(8) 8.3576(4) 
b (Å) 8.458(4) 17.3479(9) 15.8701(9) 
c (Å) 15.964(8) 9.7829(5) 23.2350(13) 
α (º) 90. 90. 106.125(3) 
β (º) 90.93(3) 90. 91.626(3) 
γ (º) 90. 90. 99.216(3) 
V (Å3) 1659.8(14) 2595.4(2) 2913.7(3) 
Z 4 1 6 
dcalcd (Mg/m3) 1.644 1.942 1.933 
Crystal size (mm3) 0.20 x 0.20 x 0.09 0.29 x 0.22 x 0.12 0.47 x 0.28 x 0.08  
T (K) 100 (2) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 0.71073 
μ (mm-1) 1.364 1.105 1.463 
Independent 
reflections 
3809 1605 13260 
R(int) 0.0870 0.0560 0.0382 
Collected reflections 30260 23422 71180 
[I>2σ(I)] R1, wR2 0.0436, 0.1217 0.0702, 0.2141 0.0313, 0.0630 
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Table D.12 Selected bond lengths (Å) and angles (°) for 1, 12+(PF6)2 and 6-Cl 
1 12+(PF6)2 6-Cl 
Distances 
Pd(1)-C(1) 2.043(5) Pd(1)-C(1) 2.082(11) Pd(1)-Cl(1) 2.2826(8) 
Pd(1)-C(2) 2.035(4) Pd(1)-C(1)#1 2.082(11) Pd(1)-N(1) 2.022(3) 
Pd(1)-N(1) 2.184(3) Pd(1)-N(1) 2.151(8) Pd(1)-S(1) 2.3217(8) 
Pd(1)-N(2) 2.194(3) Pd(1)-N(1)#1 2.151(8) Pd(1)-S(2) 2.3234(8) 
  Pd(1)-S(1) 2.323(2)   
  Pd(1)-S(1)#1 2.323(2)   
Angles 
C(2)-Pd(1)-C(1) 86.89(19) C(1)-Pd(1)-C(1)#1 87.5(7) N(1)-Pd(1)-Cl(1) 176.73(8) 
C(2)-Pd(1)-N(1) 178.68(16) C(1)-Pd(1)-N(1)#1 94.7(4) N(1)-Pd(1)-S(1) 86.55(7) 
C(1)-Pd(1)-N(1) 94.19(16) C(1)#1-Pd(1)-N(1)#1 177.8(4) Cl(1)-Pd(1)-S(1) 93.40(3) 
C(2)-Pd(1)-N(2) 95.20(16) C(1)-Pd(1)-N(1) 177.8(4) N(1)-Pd(1)-S(2) 85.32(8) 
C(1)-Pd(1)-N(2) 176.14(16) C(1)#1-Pd(1)-N(1) 94.7(4) Cl(1)-Pd(1)-S(2) 95.78(3) 
N(1)-Pd(1)-N(2) 83.68(11) N(1)#1-Pd(1)-N(1) 83.1(5) S(1)-Pd(1)-S(2) 159.31(3) 
  C(1)-Pd(1)-S(1)#1 94.65(6)   
  C(1)#1-Pd(1)-S(1)#1 94.65(6)   
  N(1)#1-Pd(1)-S(1)#1 85.18(5)   
  N(1)-Pd(1)-S(1)#1 85.18(5)   
  C(1)-Pd(1)-S(1) 94.65(6)   
  C(1)#1-Pd(1)-S(1) 94.65(6)   
  N(1)#1-Pd(1)-S(1) 85.18(5)   
  N(1)-Pd(1)-S(1) 85.18(5)   
  S(1)#1-Pd(1)-S(1) 167.11(14)   
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Preliminary X-ray Structures of Complexes 3 and 7 
 
Figure D.1 Projection view of complex 3 with 30% thermal ellipsoids. 
 
 
Figure D.2 Projection view of Complex 7 (mixed with 6-Cl) with 50% thermal ellipsoids - 
O atom occupancy is 14%. 
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D.2.3 Crystal Data and Structure Refinement for Complexes in Chapter 
5 
Table D.13 Crystal data and structure refinement for 4, 5, and 6 
Complex 4 5 6 
Identification code l3713.cif l1814.cif l514.cif 
Formula C23 H26 F6 N4 O6 Pd S4 C34 H29 F6 N2 O6 P Pd S4 C34 H32 F3 N2 O3 P Pd S3 
M 803.12 941.20 807.16 
System Triclinic Monoclinic Orthorhombic 
Space group P-1 P 21/n P 21 21 21 
a (Å) 9.2622(7) 8.9043(5) 9.5575(3) 
b (Å) 12.4233(10) 28.9279(14) 18.6247(6) 
c (Å) 13.9227(11) 13.6630(7) 18.6631(7) 
α (º) 84.959(5) 90. 90. 
β (º) 84.840(5) 93.628(3) 90. 
γ (º) 70.637(5) 90. 90. 
V (Å3) 1502.4(2) 3512.3(3) 3322.14(19) 
Z 2 4 4 
dcalcd (Mg/m3) 1.775 1.780 1.614 
Crystal size (mm3) 0.234 x 0.125 x 0.059 0.351 x 0.196 x 0.098 0.352 x 0.351 x 0.111  
T (K) 100 (2) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 0.71073 
μ (mm-1) 0.979 0.894 0.851 
Independent 
reflections 
5259 7219 16039 
R(int) 0.1110 0.0765 0.0378 
Collected reflections 22349 71258 80349 
[I>2σ(I)] R1, wR2 0.0695, 0.1400 0.0414, 0.0830 0.0219, 0.0493 
 
 
  
260 
 
Table D.14 Crystal data and structure refinement for 8 and 9 
Complex 8 9 
Identification code l6413.cif l1713.cif 
Formula C34 H50 F6 N6 O6 Pd S2 C42 H52 Cl2 N8 O8 Pd2 S4 
M 923.32 1208.85 
System Orthorhombic Monoclinic 
Space group P 21 21 21 C 2/c 
a (Å) 8.9088(4) 23.766(2) 
b (Å) 19.1684(9) 8.7452(8) 
c (Å) 24.1006(10) 24.066(2) 
α (º) 90. 90. 
β (º) 90. 94.077(5) 
γ (º) 90. 90. 
V (Å3) 4115.6(3) 4989.2(8) 
Z 4 4 
dcalcd (Mg/m3) 1.490 1.609 
Crystal size (mm3) 0.219 x 0.196 x 0.159 0.233 x 0.142 x 0.071 
T (K) 100 (2) 100(2) 
λ (Å) 0.71073 0.71073 
μ (mm-1) 0.629 1.053 
Independent 
reflections 
10444 5531 
R(int) 0.0486 0.0601 
Collected reflections 61421 32883 
[I>2σ(I)] R1, wR2 0.0276, 0.0528 0.0334, 0.0743 
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Table D.15 Selected bond lengths (Å) and angles (°) for 4, 5, and 6 
4 5 6 
Distances 
Pd(1)-N(1) 2.041(7) Pd(1)-N(2) 2.082(3) Pd(1)-C(1) 2.0466(15) 
Pd(1)-C(15) 1.935(9) Pd(1)-P(1) 2.2670(9) Pd(1)-N(2) 2.1492(13) 
Pd(1)-S(2) 2.336(2) Pd(1)-S(1) 2.3256(9) Pd(1)-N(1) 2.1662(14) 
Pd(1)-S(1) 2.349(3) Pd(1)-S(2) 2.3344(9) Pd(1)-P(1) 2.2495(4) 
Pd(1)-N(2) 2.573(7) Pd(1)-N(1) 2.459(3)   
Angles 
C(15)-Pd(1)-N(1) 171.6(3) N(2)-Pd(1)-P(1) 177.44(8) C(1)-Pd(1)-N(2) 88.36(6) 
C(15)-Pd(1)-S(2) 93.9(3) N(2)-Pd(1)-S(1) 84.43(8) C(1)-Pd(1)-N(1) 173.87(6) 
N(1)-Pd(1)-S(2) 85.0(2) P(1)-Pd(1)-S(1) 93.01(3) N(2)-Pd(1)-N(1) 86.39(5) 
C(15)-Pd(1)-S(1) 97.6(3) N(2)-Pd(1)-S(2) 84.92(8) C(1)-Pd(1)-P(1) 88.03(5) 
N(1)-Pd(1)-S(1) 85.9(2) P(1)-Pd(1)-S(2) 97.60(3) N(2)-Pd(1)-P(1) 171.37(4) 
S(2)-Pd(1)-S(1) 159.79(9) S(1)-Pd(1)-S(2) 160.78(4) N(1)-Pd(1)-P(1) 97.60(4) 
C(15)-Pd(1)-N(2) 107.1(3) N(2)-Pd(1)-N(1) 82.66(11)   
N(1)-Pd(1)-N(2) 80.9(3) P(1)-Pd(1)-N(1) 97.17(7)   
S(2)-Pd(1)-N(2) 80.91(17) S(1)-Pd(1)-N(1) 81.10(7)   
S(1)-Pd(1)-N(2) 79.86(17) S(2)-Pd(1)-N(1) 81.71(7)   
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Table D.16 Selected bond lengths (Å) and angles (°) for 8 and 9 
8 9 
Distances 
Pd(1)-C(23) 1.946(3) Pd(1)-C(15) 1.994(3) 
Pd(1)-C(28) 1.954(3) Pd(1)-C(15)#1 2.076(3) 
Pd(1)-N(2) 2.059(2) Pd(1)-N(2) 2.217(2) 
Pd(1)-N(1) 2.063(2) Pd(1)-N(1) 2.220(2) 
  Pd(1)-S(1) 2.6588(8) 
  Pd(1)-Pd(1)#1 2.7416(5) 
Angles 
C(23)-Pd(1)-C(28) 87.45(12) C(15)-Pd(1)-C(15)#1 95.32(11) 
C(23)-Pd(1)-N(2) 94.42(10) C(15)-Pd(1)-N(2) 95.99(10) 
C(28)-Pd(1)-N(2) 176.68(11) C(15)#1-Pd(1)-N(2) 167.28(10) 
C(23)-Pd(1)-N(1) 177.57(11) C(15)-Pd(1)-N(1) 164.45(10) 
C(28)-Pd(1)-N(1) 94.81(10) C(15)#1-Pd(1)-N(1) 87.72(10) 
N(2)-Pd(1)-N(1) 83.37(9) N(2)-Pd(1)-N(1) 79.84(8) 
  C(15)-Pd(1)-S(1) 114.93(8) 
  C(15)#1-Pd(1)-S(1) 99.21(8) 
  N(2)-Pd(1)-S(1) 81.23(6) 
  N(1)-Pd(1)-S(1) 79.45(6) 
  C(15)-Pd(1)-Pd(1)#1 48.92(8) 
  C(15)#1-Pd(1)-Pd(1)#1 46.40(8) 
  N(2)-Pd(1)-Pd(1)#1 144.53(6) 
  N(1)-Pd(1)-Pd(1)#1 132.11(6) 
  S(1)-Pd(1)-Pd(1)#1 115.32(2) 
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D.3 Fe Complexes in Chapter 6 
Table D.17 Crystal data and structure refinement for 1 
Identification code l17812.cif 
Formula C28 H38 F6 Fe N6 O6 S2 
M 788.61 
System Monoclinic 
Space group P21/n 
a (Å) 11.2093(5) 
b (Å) 16.1984(8) 
c (Å) 18.5910(8) 
α (º) 90. 
β (º) 94.029(2) 
γ (º) 90. 
V (Å3) 3367.3(3) 
Z 4 
dcalcd (Mg/m3) 1.556 
Crystal size (mm3) 0.31 x 0.20 x 0.19 
T (K) 100 (2) 
λ (Å) 0.71073 
μ (mm-1) 0.656 
Independent 
reflections 
7702 
R(int) 0.0471 
Collected reflections 41655 
[I>2σ(I)] R1, wR2 0.0352, 0.0776 
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Table D.18 Crystal data and structure refinement for 2 and 3 
Complex 2 3 
Identification code l3413t4.cif l3913.cif 
Formula C22 H26 F6 Fe N6 O6 S2 C24 H30 F6 Fe N6 O8 S2 
M 704.46 764.51 
System Monoclinic Monoclinic 
Space group P 21/m P 21/n 
a (Å) 8.5015(4) 10.3101(7) 
b (Å) 10.3284(5) 19.9152(14) 
c (Å) 16.2466(8) 15.2891(10) 
α (º) 90. 90. 
β (º) 91.031(3) 94.057(3) 
γ (º) 90. 90. 
V (Å3) 1426.33(12) 3131.4(4) 
Z 2 4 
dcalcd (Mg/m3) 1.640 1.622 
Crystal size (mm3) 0.238 x 0.219 x 0.137 0.394 x 0.248 x 0.236 
T (K) 100 (2) 100(2) 
λ (Å) 0.71073 0.71073 
μ (mm-1) 0.763 0.707 
Independent 
reflections 
2961 9604 
R(int) 14.4 0.0473 
Collected reflections 71557 200684 
[I>2σ(I)] R1, wR2 0.1286, 0.3156 0.0295, 0.0724 
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Table D.19 Crystal data and structure refinement for 4 and 5 
Complex 4 5 
Identification code l3513.cif l4913.cif 
Formula C23 H27 F6 Fe N7 O6 S2 C29 H31 F6 Fe N7 O8 S3 
M 731.48 871.64 
System Monoclinic Triclinic 
Space group P 21/n P -1 
a (Å) 10.6045(4) 8.1734(12) 
b (Å) 16.1522(6) 14.026(2) 
c (Å) 18.1421(7) 17.726(3) 
α (º) 90. 113.278(10) 
β (º) 106.859(2) 98.466(10) 
γ (º) 90. 92.175(10) 
V (Å3) 2973.9(2) 1836.0(5) 
Z 4 2 
dcalcd (Mg/m3) 1.634 1.577 
Crystal size (mm3) 0.277 x 0.253 x 0.238 0.364 x 0.148 x 0.065 
T (K) 100 (2) 100(2) 
λ (Å) 0.71073 0.71073 
μ (mm-1) 0.737 0.669 
Independent 
reflections 
7415 6323 
R(int) 0.0387 0.1093 
Collected reflections 35068 35512 
[I>2σ(I)] R1, wR2 0.0468, 0.1143 0.0701, 0.1555 
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Table D.20 Selected bond lengths (Å) and angles (°) for 1 
Distances 
Fe(1)-N(1) 1.8965(15) 
Fe(1)-N(2) 1.9013(16) 
Fe(1)-N(5) 1.9418(16) 
Fe(1)-N(6) 1.9496(17) 
Fe(1)-N(3) 2.1456(16) 
Fe(1)-N(4) 2.1522(16) 
Angles  
N(1)-Fe(1)-N(2) 91.38(7) 
N(1)-Fe(1)-N(5) 177.52(7) 
N(2)-Fe(1)-N(5) 90.11(7) 
N(1)-Fe(1)-N(6) 88.55(7) 
N(2)-Fe(1)-N(6) 177.86(7) 
N(5)-Fe(1)-N(6) 90.04(7) 
N(1)-Fe(1)-N(3) 80.14(6) 
N(2)-Fe(1)-N(3) 83.12(6) 
N(5)-Fe(1)-N(3) 102.02(6) 
N(6)-Fe(1)-N(3) 94.76(6) 
N(1)-Fe(1)-N(4) 83.63(6) 
N(2)-Fe(1)-N(4) 80.24(7) 
N(5)-Fe(1)-N(4) 94.66(6) 
N(6)-Fe(1)-N(4) 101.87(6) 
N(3)-Fe(1)-N(4) 156.40(6) 
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Table D.21 Selected bond lengths (Å) and angles (°) for 2 and 3 
2 3 
Distances 
Fe(1)-N(1)#1 1.890(9) Fe(1)-N(1) 1.8976(10) 
Fe(1)-N(1) 1.890(9) Fe(1)-N(2) 1.9096(10) 
Fe(1)-N(4) 1.930(9) Fe(1)-N(6) 1.9276(11) 
Fe(1)-N(4)#1 1.930(9) Fe(1)-N(5) 1.9380(11) 
Fe(1)-N(3) 2.051(12) Fe(1)-N(4) 2.0733(11) 
Fe(1)-N(2) 2.060(13) Fe(1)-N(3) 2.0854(11) 
Angles 
N(1)#1-Fe(1)-N(1) 85.4(5) N(1)-Fe(1)-N(2) 85.14(4) 
N(1)#1-Fe(1)-N(4) 92.4(4) N(1)-Fe(1)-N(6) 90.25(4) 
N(1)-Fe(1)-N(4) 177.2(4) N(2)-Fe(1)-N(6) 175.18(4) 
N(1)#1-Fe(1)-N(4)#1 177.2(4) N(1)-Fe(1)-N(5) 179.07(5) 
N(1)-Fe(1)-N(4)#1 92.4(3) N(2)-Fe(1)-N(5) 95.68(4) 
N(4)-Fe(1)-N(4)#1 89.8(5) N(6)-Fe(1)-N(5) 88.94(5) 
N(1)#1-Fe(1)-N(3) 83.4(3) N(1)-Fe(1)-N(4) 82.87(4) 
N(1)-Fe(1)-N(3) 83.4(3) N(2)-Fe(1)-N(4) 83.08(4) 
N(4)-Fe(1)-N(3) 98.1(3) N(6)-Fe(1)-N(4) 94.93(4) 
N(4)#1-Fe(1)-N(3) 98.1(3) N(5)-Fe(1)-N(4) 97.65(4) 
N(1)#1-Fe(1)-N(2) 83.2(4) N(1)-Fe(1)-N(3) 83.19(4) 
N(1)-Fe(1)-N(2) 83.2(4) N(2)-Fe(1)-N(3) 82.67(4) 
N(4)-Fe(1)-N(2) 94.8(4) N(6)-Fe(1)-N(3) 98.24(4) 
N(4)#1-Fe(1)-N(2) 94.8(4) N(5)-Fe(1)-N(3) 96.48(4) 
N(3)-Fe(1)-N(2) 161.8(5) N(4)-Fe(1)-N(3) 160.82(4) 
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Table D.22 Selected bond lengths (Å) and angles (°) for 4 and 5 
4 5 
Distances 
Fe(1)-N(1) 1.890(2) Fe(1)-N(1) 1.891(5) 
Fe(1)-N(2) 1.895(2) Fe(1)-N(2) 1.903(5) 
Fe(1)-N(5) 1.933(2) Fe(1)-N(6) 1.938(6) 
Fe(1)-N(6) 1.934(2) Fe(1)-N(5) 1.942(6) 
Fe(1)-N(3) 2.041(2) Fe(1)-N(4) 2.016(5) 
Fe(1)-N(4) 2.058(2) Fe(1)-N(3) 2.155(5) 
Angles 
N(1)-Fe(1)-N(2) 87.89(9) N(1)-Fe(1)-N(2) 91.0(2) 
N(1)-Fe(1)-N(5) 178.21(9) N(1)-Fe(1)-N(6) 88.6(2) 
N(2)-Fe(1)-N(5) 93.60(9) N(2)-Fe(1)-N(6) 177.7(2) 
N(1)-Fe(1)-N(6) 89.55(9) N(1)-Fe(1)-N(5) 175.8(2) 
N(2)-Fe(1)-N(6) 177.19(9) N(2)-Fe(1)-N(5) 91.6(2) 
N(5)-Fe(1)-N(6) 88.94(9) N(6)-Fe(1)-N(5) 88.7(2) 
N(1)-Fe(1)-N(3) 82.81(9) N(1)-Fe(1)-N(4) 84.3(2) 
N(2)-Fe(1)-N(3) 83.29(9) N(2)-Fe(1)-N(4) 81.6(2) 
N(5)-Fe(1)-N(3) 96.38(9) N(6)-Fe(1)-N(4) 96.1(2) 
N(6)-Fe(1)-N(3) 95.23(9) N(5)-Fe(1)-N(4) 92.8(2) 
N(1)-Fe(1)-N(4) 84.00(9) N(1)-Fe(1)-N(3) 79.7(2) 
N(2)-Fe(1)-N(4) 83.18(9) N(2)-Fe(1)-N(3) 81.8(2) 
N(5)-Fe(1)-N(4) 97.15(9) N(6)-Fe(1)-N(3) 100.3(2) 
N(6)-Fe(1)-N(4) 97.72(9) N(5)-Fe(1)-N(3) 103.93(19) 
N(3)-Fe(1)-N(4) 161.40(9) N(4)-Fe(1)-N(3) 156.68(19) 
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